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Abstract 
Nuclear power has rapidly come to the forefront as a cheaper, more reliable fuel source 
to solve the world’s energy crisis. In order to meet future demands for nuclear fuel there 
has been increased interest in optimizing the extraction of uranium from its various 
minerals. One of the major uranium minerals used to produce nuclear fuel is tetravalent 
uraninite (UO2). The majority of processes used worldwide to extract uranium from 
uraninite, involve an oxidation/acid dissolution step (sulphuric acid is predominantly used). 
The rates of the aforementioned reactions involved in the dissolution of UO2 can be 
influenced by a number of factors. These include standard parameters (such as temperature 
and Fe concentration), the presence of foreign ions in the leach slurry (due to the 
dissolution of the gangue minerals), location of the UO2 within the ore (liberation) and the 
dopants associated with UO2.  
In this thesis the chemistry of uraninite dissolution was investigated in detail, with a 
major focus being on dissolution of this mineral under similar conditions to those used in 
the uranium minerals processing industry. These investigations involved studies on the 
dissolution of different forms of uraninite, which included synthetic uraninite, natural 
uraninite and Pb and Th doped synthetic uraninites.   
The effect of standard parameters (temperature, acid, oxidation-reduction potential, total 
iron etc.) on the dissolution of synthetic UO2 was initially investigated. The subsequent 
study focused on the effect of foreign ions (such as fluoride, chloride, sulphate, nitrate etc.) 
that typically leach from gangue minerals associated with uraninite, on the dissolution of 
synthetic UO2. The results from the synthetic UO2 dissolution studies demonstrated ~85% 
U dissolved under standard operating conditions. Initial U concentration, temperature, 
particle size and pH were found to influence the dissolution rate of UO2 whilst solution 
agitation and [H2SO4] were found to have no effect on the dissolution rate. The dissolution 
of UO2 was found to most closely follow 1st order kinetics with an approximately linear 
dependence of the UO2 dissolution rate on [Fe]TOT for each of the system ORPs tested with 
the rate orders indicating a step change between an ORP ≥420 and ≤460 mV. The studies 
on the effects of foreign ions showed that F- was found to have a detrimental effect on UO2 
dissolution at low–medium concentration (0-0.3 g/L) and a positive effect on UO2 
dissolution when present in medium– high concentrations (0.5-1 g/L). Of the oxo-anions 
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studied, NO3- had a positive effect on UO2 dissolution over the entire concentration range 
studied and PO43- had a negative effect when present at concentrations >5.26×10-2 M. The 
SO42- had a negative effect when present at medium – high concentrations.  
The influence of cationic substitutions on the structure and composition were 
investigated by synthesising and characterising Th-doped and Pb-doped UO2, and 
investigating the influence of the key parameters (Total Fe & FeIII concentration) on their 
dissolution. The results obtained indicated that both Pb and Th, were successfully doped 
into the UO2, and given the nominal formulas 𝑈0.96𝐼𝑉 𝑃𝑏0.06𝐼𝐼 𝑂1.98 with 4.7% Pb doping, and 
𝑈0.80𝐼𝑉 𝑇ℎ0.50𝐼𝑉 𝑂1.70 with 19.5% Th doping. The Pb-doped UO2 dissolution studies 
demonstrated ~71% U dissolution over a leach period of 90mins, and the Th-doped UO2 
dissolution studies demonstrated a ~50% U dissolution over a leach period of 90mins, 
under the conditions studied. The decrease in dissolution compared to pure UO2 (85%) was 
postulated to be caused by a combination of factors including; (a) Pb/Th reprecipating onto 
the surface of the UO2 as PbSO4/ThSO4; (b) formation of several new Pb/Th-uranyl 
secondary minerals; and or (c) the consumption of leachant caused by complexation with 
Pb/Th to form the sulphate. The rate orders for the Pb-UO2 and Th-UO2, indicated a step 
change between an ORP ≥420 and ≤460 mV, similar to the pure UO2.  
The concluding study focused on the extensive characterisation of natural uraninites 
followed by leaching studies to determine the influence of standard parameters (such as 
temperature, [H2SO4], total [Fe] and ORP) on the natural uraninite dissolution. The bulk 
analysis results indicated that all three natural uraninites contained significant amounts of 
uranium and were contaminated with varying levels of Zn, Pb, Fe, S, P and Ca. X-ray 
diffraction analysis confirmed that the USG sample was highly impure containing 
significant amounts of sphalerite and galena, whilst both the UPA and UEA samples were 
uraninite-rich with other uranium bearing minerals (meta-autunite and uranyl carbonate) 
also present. The dissolution results indicated that under standard leach conditions, both of 
the latter natural samples also exhibited lower extraction rates when compared to synthetic 
UO2. Decreasing particle size, increasing temperature and  increasing FeTOT all resulted in 
an increase in the rate of uranium dissolution with changing [H2SO4] and ORP having a 
negligible effect on dissolution. The changes in dissolution rates between the natural ores 
and the synthetic uraninite was attributed to the effect caused by lead impurities within the 
natural uraninites being  preferentially leached and then re-precipiatated as a sulphate.  

 CHAPTER 1: 
 
 Introduction and Literature Review  
 
 
 
 
 
 
 
 
 
 
 
 
 
The following chapter provides a summary regarding Uranium and some commercially 
important uranium bearing minerals, focusing primarily on Uraninite (UO2+x). The primary 
aim of the thesis is to investigate the dissolution of uraninite and obtain information that will 
contribute to improvements in the processing of this important primary uranium mineral (i.e. 
improvements in processing efficiency, waste reduction, and energy & water conservation, 
whilst reducing environmental impacts). A thorough literature review of previous research 
conducted on the structure, composition, geochemistry and dissolution chemistry of uraninite 
is entailed. The scope and aims of the thesis are provided at the end of this chapter. 
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1.1. Introduction 
 
The increasing demand for more reliable and environmentally friendly sources of energy to 
fuel the world’s energy needs has led to increasing interest in the possibility of sourcing some 
of the additional energy required using uranium based nuclear fuel. Uranium is ubiquitous in 
nature and is found predominantly in the earth’s crust (2×10-4 wt.%) in the form of a number 
of different minerals [1, 2]. In 1896, Becquerel discovered that Uranium was a radioactive 
element that is transformed into the stable element lead via many intermediate stages 
involving the emission of alpha and beta radiation. Initially uranium was primarily used as a 
pigment for glasses and ceramics, however in 1939, Hahn et al., reported their seminal 
discovery of nuclear fission, which announced the dawn of the nuclear age [3, 4]. After this 
seminal report, uranium and its associated fissile elements gained importance as starting 
materials for synthesis of plutonium and nuclear weapons and later as fuel for nuclear reactors. 
The energy released from uranium during the nuclear fission reaction is roughly 3.7 million 
times greater than that released from the equivalent amount of fossil fuel combustion. This 
prompted large scale uranium mining across the world in order to supply nuclear fuel.  
 
The significant amount of  mining of uranium minerals, and in particular mining of high 
grade uranium ore bodies, that has occurred over the last three decades has led to a new 
challenge - to extract uranium from lower grade ore bodies. Increasing awareness of 
environmental impacts, and the need to minimise these, is also another challenge faced by 
companies undertaking uranium minerals processing.  In order for companies that process 
uranium minerals to achieve the aforementioned (efficient processing and minimal 
environmental impacts), a greater understanding is required of the various chemical sub-
processes that occur during processing. Currently some of the areas that require significant 
improvements in understanding include; the structure / composition of uranium minerals (and 
their effect on uranium processing) and the physical processes and chemical reactions that are 
involved in the dissolution of uranium minerals (including the influence of foreign ions that 
are liberated from gangue minerals, and the uranium speciation in solution).  
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The focus of this thesis was to gain knowledge on the chemistry of the uranium mineral, 
Uraninite – including its composition and structure- and to obtain a fundamental 
understanding of the dissolution of this mineral.  
1.1.1. Uranium minerals and Uranium bearing ores  
As mentioned previously the mean concentration of uranium in the Earth’s crust is 2×10-4 
wt.%. Uranium occurs mainly in the silicates of the earth’s crust. Most of the uranium is 
distributed widely in small concentrations, both in acidic rocks such as granite, gneiss, and 
pegmatite and in sedimentary rock such as schist and phosphatic ores. The wide distribution of 
uranium and the low degrees of enrichment of ores compared with other metals of similar 
abundance are the result of its ability to form a wide range of chemical complexes. The 
abundance of uranium in various geological matrices is summarised in Table 1.1. 
Table 1.1: Abundance of uranium in various geological environments [5]. 
Location U concentration (ppm) 
Igneous rocks  
     Basalts 0.6 
    Granites (normal) 4.8 
    Ultrabasic rocks 0.03 
Sandstones, shales, limestones 1.2-1.3 
Earth's crust 2.1 
   Oceanic 0.64 
   Continental 2.8 
Earth's mantle ~0.01 
sea water 0.002-0.003 
Meteorites 0.05 
   Chondrites 0.011 
Uraniferous materials  
   high-grade veins (3-8.5) × 105 
   vein ores (2-10) × 103 
   sandstone ores (0.5-4) × 103 
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   gold ores (South Africa) 150-600 
   uraniferous phosphates 50-300 
   uraniferous granites 15-100 
   Chattanooga shale (USA) 60 
 
Uranium resources can be classified on the basis of their geological setting to fifteen main 
categories of uranium ore deposit types, arranged according to their approximate economic 
significance (Figure 1.1). They are as follows: (1) unconformity-related deposits; (2) 
sandstone deposits; (3) quartz-pebble conglomerate deposits; (4) vein deposits; (5) breccia 
complex deposits; (6) intrusive deposits; (7) phosphorite deposits; (8) collapse breccia pipe 
deposits; (9) volcanic deposits; (10) surficial deposits; (11) metasomatite deposits; (12) 
metamorphite deposits; (13) lignite; (14) black shale deposits; and (15) other deposits [2, 6-
14].  
 
 
Figure 1.1: Uranium deposits in the world (Soft ores- tend to have high percentages of 
uranium (10% down to 0.02%) and hard ores tend- to have low concentrations (0.1% down to 
0.01%) [6] 
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Approximately 200 mineral species are known that contain uranium as a necessary 
structural constituent with another 60 that contain minor amounts of uranium, or that contain 
uranium as an impurity [10, 13-16]. Typical locations of some uranium minerals of primary 
industrial importance for fuel etc. are listed in Table 1.2. Uranium minerals can be divided into 
two mineral classes, primary and secondary. Primary uranium minerals are those that formed 
during the last stages of magma crystallization and are rich in silicates such as quartz, and 
feldspar. Primary uranium minerals include uraninite (UO2+x) [1317-99-3], pitchblende (U3O8) 
[1317-75-5] and a large number of complex multiple oxides such as uranium-containing 
lanthanide niobates, tantalates, titanates, silicates and niobate-tantalates that either are 
anhydrous or contain water as hydroxyl ion [7, 16]. Primary uranium minerals are generally 
black in colour and contain most uranium as a reduced species, U4+. Generally the structures 
of U4+ minerals contain regular coordination polyhedra about the U4+ and tend to have high 
symmetry. It is common for these primary minerals to be isostructural with non-U analogues 
with U4+ often substituting for other cations in a variety of mineral structures. Secondary 
uranium minerals are produced by hydration, metathesis, oxidation, or possibly transport and 
redeposition. Secondary minerals are generally yellow, green, or orange in colour and contain 
uranium in the hexavalent, U6+, state. The structures of secondary minerals are diverse owing 
to the unusual crystal chemistry of U6+ and they are seldom isostructural with other minerals. 
Chemically, they are hydrated oxides, carbonates, sulphates, vanadates, arsenates, phosphates, 
molybdates and silicates.  Uraninite can be considered both a primary and a secondary 
mineral, and there is much conjecture regarding the mechanism of formation of uraninite veins 
[17, 18].  
 
 
 
 
 
 
 
 
 
Chapter 1 
 
~ 8 ~ 
 
Table 1.2: Locations and chemical formulae of industrially relevant uranium minerals [2, 19 ] 
Mineral Chemical Formula Origin 
Oxides, Hydrates, simple silicates (uranium, completely or primarily tetravalent) 
Uraninite UO2+x Canada, Australia, 
Colorado plateau 
Pitchblende xUO3.yUO2 Canada, Australia, 
Congo, Western and 
central Europe 
Coffinite xUSiO4.yU(OH)4 Australia, Colorado 
plateau 
Uranothorite xThSiO4.yUSiO4 Canada, Madagascar 
Complex deposits of uranium oxides with rare earths (titanates, etc.) 
Brannerite (U, Ca, Fe, Y, Th)3Ti5O16 Australia, Canada 
Betafite (U,Ca)(Nb,Ta, Ti)3O9.xH2O Australia, Madagascar 
Davidite (Fe, rare earths, U, Ca, Zr, Th)x 
(Ti,Fe3+,V, Cr,Y)yOz 
 
Secondary minerals with hexavalent uranium 
Gummite UO3.xH2O (also silicate, phosphate of 
indefinite composition) 
 
Uranophane CaO.2UO3.3SiO2.6H2O Colorado plateau, 
Argentina 
Schroeckingerite Na2O.3CaO.UO3.3CO2.SO3.F.10H2O Joachimsthal, Argentina 
Carnotite K2O.2UO3.V2O5.3H2O Australia, Canada` 
Tjujamunite CaO.2UO3.V2O5.8H2O Turkestan 
Autunite  
(tobernite) 
CaO.2UO3.P2O5.12H2O France, Portugal 
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1.1.2. Uranium minerals processing 
 
There are several methods of mining / extraction-processing of U from uranium bearing ore 
bodies. These include open cut or underground mines (and subsequent processing of the mined 
ore at a processing plant), heap leaching, in-situ leaching and recovery from sea water [2]. In 
the case of underground mines, once the ore is obtained, a number of processes are undertaken 
to convert the crude uranium containing ore into the finished UO2 pellets for nuclear fuel. 
These can be divided into three different stages- (1) From crude ore to yellow cake (Table 
1.3); (2) From yellow cake to UF6 (Table 1.4); and (3) from UF6 (natural) to UO2 pellets for 
nuclear fuel (Table 1.5) [11, 12, 19-22]. In this research project the primary focus was on the 
classification and leaching stage of the overall process (Table 1.3) hence these are discussed in 
more detail in this chapter than the subsequent stages.  
1.1.2.1. From crude ore to yellow cake-  
 
The industrial routes from crude ore to yellow cake are illustrated in Table 1.3. Before ore 
digestion, appropriate pre-treatment is essential. This includes size reduction for which several 
stages are necessary. 
Acidic Ores-  
Dilute sulphuric acid is predominantly used for the acid treatment of ores. The rate of 
dissolution depends on acid concentration, temperature, and surface area of the ore particles. 
This process is discussed in detail in section 1.2.4  
Alkaline Ores 
Alkaline ores require treatment with alkaline solutions. Alkaline leaching is considerably 
slower than acid leaching, but is more effective for ores in which the gangue materials contain 
calcium compounds or other acid-consuming components. For alkaline treatment the ore must 
be more finely ground. The dissolution of uranium is due to the formation of the tricarbonato 
complex listed in equation 1.1. 
 
𝑈𝑂2 + 𝑁𝑎2𝐶𝑂3 +  2𝑁𝑎𝐻𝐶𝑂3 → 𝑁𝑎4[𝑈𝑂2(𝐶𝑂3)3] +  𝐻2𝑂          (1.1) 
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The above ratio of carbonate to hydrogen carbonate is maintained. If tetravalent uranium is 
present, oxygen is used as an oxidizing agent, and higher temperature and pressure are 
applied. This oxidation is catalysed by copper sulphate and ammonia. 
When uranium is present in phosphate rock as apatite [Ca10(PO4, CO3)6(OH,F,C1)2]  it is 
first dissolved with hydrochloric acid and phosphoric acid solution. The uranium is then 
stripped by either oxidation stripping or reduction stripping. 
Treatment of the Liquor 
 
Uranium can be removed from the liquor by ion exchange, solvent extraction, or a 
combination of the two processes known as the Eluex process. Undissolved solids, which 
would have a detrimental effect, are usually removed first from the liquor by sedimentation or 
decanting, or with hydro cyclones, filters, or centrifuges. In ion exchange, anionic complexes 
of uranium are present in both acid and alkaline uranium solutions. Strongly basic ion 
exchangers are generally used to extract these complexes (Equation 1.2-1.3): 
 
      4𝑅𝑋 + [𝑈𝑂2(𝑆𝑂4)3]4− ↔ 𝑅4[𝑈𝑂2(𝑆𝑂4)3] +  4𝑋−         (1.2) 
           4𝑅𝑋 + [𝑈𝑂2(𝐶𝑂3)3]4− ↔ 𝑅4[𝑈𝑂2(𝐶𝑂3)3] +  4𝑋−        (1.3) 
 (Where R denotes the matrix and X the functional basic group of the ion exchanger) 
 
The pH is adjusted to 1.5-2 in sulphuric acid solutions and to 9-10 in alkaline solutions for 
the ion-exchange process. In the case of solvent extraction, two types of extraction solvents 
are used: (i) alkylated phosphoric acids and pyrophosphoric acids; (ii) higher aliphatic amines. 
Both types are dissolved in inert hydrocarbons, mostly high-purity kerosene.  The mechanism 
of extraction is based on ion-exchange in the liquid phase.  
 
In the combined Eluex process, uranium is crudely separated by means of an ion-
exchange resin, followed by solvent extraction [37]. In this combined process, the first stage 
has the useful effect of increasing the concentration of uranium. With consequent reduction in 
the mass flow, this enables the second stage to be shorter and also improves the purification 
effect of this step as the uranium concentration in the feed is higher. An additional advantage 
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is that the process can be used with relatively low uranium concentrations in the leach liquor 
(low-grade uranium ore) 
 
Yellow cake production 
 
Solutions obtained by the above processes contain uranium in the form of its sulphate or 
the carbonato complex. Uranium is precipitated from this as an uranate by addition of base, 
filtered, and dried. The uranium concentrate obtained, known as ‘yellow cake’ because of its 
color and form, is the basic material for the production of nuclear fuels. Precipitation is carried 
out in large agitated vessels. The precipitating agent for acidic, sulphate-containing solutions 
is ammonia or Mg(OH)2, whereas carbonato complexes are precipitated by 50% solution of 
NaOH. The yellow cake produced is not a single chemical substance, but a mixture of 
uranates. Its composition depends on the mined ores, and on the chemistry of the treatment 
process suitable for those ores. The uranium content and the nature and concentration of 
impurities vary [1, 5, 6, 11, 12, 22, 23]. 
 
1.1.2.2. From Yellow Cake to UF6 
 
In the wet treatment process (Table 1.4), the obtained yellow cake is dissolved in HNO3 
and purified by solvent extraction. The resulting solution of uranium in nitric acid can then be 
reacted chemically to form UO2 or UO3 by using either the ammonium diuranate (ADU) or the 
ammonium uranyl carbonate (AUC) process, or by denitrating evaporation. The UO2 is 
converted to UF6 in two stages- firstly UF4 is produced by treatment with HF; UF4 is then 
converted into UF6 by treatment with fluorine gas. The yellow cake could also be processed in 
the dry state. After size reduction and preliminary purification, the yellow cake is calcined to 
form UO2, which is then converted into UF6 using the same method described above. 
However, the dry UF6, obtained must then be purified by fractional distillation [1, 5, 6, 11, 12, 
22, 23]. 
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1.1.2.3. From UF6 to the Nuclear Fuel UO2 
 
In order for UF6 to be converted to nuclear fuel UO2 (Table 1.5), an enrichment process is 
typically carried out until the U235 isotope content is between 2 and 6%. Diffusion processes, 
nozzle processes and centrifugation are commonly used for enrichment.  The enriched UF6 can 
be processed by either wet methods (e.g., AUC, ADU) or dry methods [e.g., Integrated Dry 
Route (IDR), Direct Conversion (DC), General Electric Dry Conversion (GECO)] to obtain 
the UO2 powder. After chemical conversion and before pelletization, the powder must be pre-
treated (except in the case of precipitation by the ACU process).  The pre-treatment is essential 
and followed by the various steps of pelletization (compression, sintering, and grinding) to 
give an end product with the desired properties [1, 5, 6, 11, 12, 22, 23].  
 
 
 
 
Chapter 1 
 
~ 13 ~ 
 
Table 1.3: From crude ore to yellow cake or ammonium uranyl carbonate (AUC) [2] 
Process Step Acidic Ores Alkaline Ores Phosphate Rock 
Classification Screening 
Crushing, Grinding Mechanical crushing and grinding 
Leaching Acid leaching 
With dilute 
H2SO4 
Alkaline leaching with 
Na2CO3 and 
(NH4)2CO3 
Acid 
treatment 
Solid-liquid 
separation 
Filtration, multistage decantation, separation by hydrocyclones 
U extraction Ion exchange, solvent extraction, Eluex process Oxidation-reduction 
stripping process 
Precipitation By ammonia or 
magnesium hydroxide 
By 50% sodium 
hydroxide 
By (NH4)2CO3 
 Yellow cake Yellow cake AUC 
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Table 1.4: From yellow cake to UF6 [2] 
 Yellow Cake 
Process Step Wet process Dry process 
Pre treatment Dissolution in HNO3 Size reduction and 
preliminary 
purification 
Wet purification Solvent extraction  
Further treatment ADU 
precipitation 
AUC 
precipitation 
Evaporation, 
denitration to UO3 
 
Filtration Yes Yes   
Calcination ADU→ UO2 AUC→ UO2 UO3→ UO2 Reduction to UO2 
Conversion to UF4 UO2 + 4HF → UF4 + 2H2O 
Conversion to UF6 UF4 + F2 → UF6 
UF6 Dry purification / fractional distillation 
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Table 1.5: From UF6 (natural) to UO2 pellets for nuclear fuel [2] 
Process Step Process (UF6) 
 Wet processes Dry processes 
 ADU AUC IDR DC GECO 
UF6 feed system Vaporization of UF6 from transport containers by controlled heating 
Precipitation or 
reaction 
As ADU As AUC As UO2 As UO2+ 
UO2F2 
As UO2+ 
UO2F2 
Recovery of first 
product 
Filtration and drying Filtration in sintered filter cartridges 
Conversion of first 
product into UO2 
Calcination 
ADU→ UO2 
Calcination 
AUC→ UO2 
 Calcination F- removal 
Additions U3O8, 
compaction 
auxiliaries 
 
U3O8 
 
U3O8, compaction auxiliaries 
Powder conditioners Milling, 
compaction, 
granulation 
  
Milling, compaction, granulation 
Powder of  pellets Green pellets usually formed in mechanical rotary presses 
Sintering Sintering in Mo boats under H2 with controlled oxygen potential (H2: H2O 
ratio) at up to 1780°C to achieve good stoichiometry 
Finishing Centreless grinding 
 UO2 pellets for nuclear fuels 
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1.2. Uraninite 
 
 
Uraninite, nominally UO2+x, is by far the most important U mineral in terms of abundance, 
wide-spread occurrence and economic value. It is a major source of uranium accounting for 
over 90% of the world’s uranium supply [1, 5, 21, 23]. It is found in numerous deposits across 
the world in both high grade and low grade ore deposits in Australia, Congo, Canada, U.S.A, 
Germany, England and South Africa [7, 16, 24]. In Australia, it is the major mineral found in 
both the Ranger mine, N.T. and in the world’s largest uranium deposit at Roxby Downs, S.A 
[25, 26].  
 
The chief source of uraninite has been the deposits in hydrothermal veins, accounting for 
most of the world’s initial uranium supply prior to World War II. (Examples include 
Joachismsthal, Saxony,Germany [27] ; Great Bear Lake, Northwest territory, Canada [28]; and 
the Katanga district in Congo [29, 30]). The ore mineral generally is fine-grained uraninite, 
sometimes showing crustification and botryiodal surfaces [31]. The hydrothermal-vein types 
of occurrences can be separated into a number of minor groups, chiefly on the basis of the 
mineralogical nature of the associated metallic and gangue minerals. In the principal type, the 
uraninite is associated with a variety of Co, Ni, Bi and As minerals including smaltite 
[(Co,Fe,Ni)As2], chloanthite (NiAs2), safflorite [(Co,Fe)As2], niccolite (NiAs), native bismuth 
etc, together with pyrite (FeS2), chalcopyrite (CuFeS2), galena (PbS), sphalerite [(Zn,Fe)S] and 
tetrahedrite-tennantite (Cu12As4S13), in a gangue composed chiefly of dolomite [CaMg(CO3)2], 
calcite (CaCO3) and quartz (SiO2) with minor barite (BaSO4) and fluorite (CaF2) [32]. 
 
Uraninite occurs in many pegmatites, but it is found only in small amounts. The uraninite 
generally occurs as isolated, relatively formed crystals, and irregular single-crystal masses up 
to a few inches in size, although large lumps or aggregates have been found. The mineral, 
unlike the uraninite of hydrothermal veins, typically contains considerable amounts of rare 
earths and thorium in solid solution. Uraninite is contained chiefly in granite pegmatites, and 
is present along with  microcline (KAlSi3O8) , quartz (SiO2), muscovite mica 
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[KAl2(Si3Al)O10(OH,F)2], biotite [K(Mg,Fe)3AlSi3O10(F,OH)2],  rare-earth, thorium, 
zirconium minerals, niobate-tantalates, titanates, phosphates and silicates [9, 33-35].  
In its third major type of occurrence, uraninite is generally fine-grained and occurs in flat-
lying deposits in bedded sedimentary rocks, chiefly conglomerates and sandstones that have 
not been materially folded or metamorphosed. The uranium and the associated vanadium, 
copper, selenium and other heavy metals may have been leached and concentrated by meteoric 
waters from sedimentary rocks of the region that contain very small amounts of these 
elements. The uranium in the oxidised ores occurs principally in combination with vanadium 
as carnotite [K2(UO2)2(VO4)2.3H2O] and tyuyamunite [Ca(UO2)2(VO4)2·5-8H2O)]. It also 
occurs as disseminations and as cementing material between sand grains and pebbles [9, 35-
38]. 
1.2.1. Structure and composition 
 
Uraninite, nominally UO2+x (where x=0-0.25), is isometric (fluorite structure, space group 
Fm3m, cell parameter a=5.4682 Å, unit cell volume V 163.51 Å3 ) with the U4+ coordinated by 
eight O atoms in a face centered cubic arrangement with each O atom bonded to four U4+ 
cations at the corner of a regular tetrahedron (Figure 1.2) [39-43].  
 
Figure 1.2: Crystal structure of Uraninite (UO2+x) (O-      U-    ) 
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Uraninite that contains U(IV) exclusively is not known in nature. A portion of the uranium in 
uraninite is always partially oxidised giving the general formula UO2+x, with x in the range 0.0 
to 0.25-0.30 [8].  Uraninite found in nature also contains UO3 and oxides of lead, thorium and 
rare earths. The degree of oxidation between the U4+ and U6+ states, ranges from 17 to 60% 
[44]. This oxidation takes place without destruction of the crystal structure up to a not clearly 
defined limit. Valence compensation is effected by a concomitant entrance of oxygen into 
vacant positions in the crystal structure, as (𝑈1−𝑥4+ 𝑈𝑥6+)𝑂2+𝑥. The measured α values of natural 
uraninite range down to about 5.36 indicating a high degree of oxidation in these samples [7]. 
Wasserstein [45] classified uraninite into three types: α-uraninites, corresponding to UO2, with 
cell dimensions that decrease as a consequence of radioactive decay to lead by an amount 
proportional to the age; β-uraninites, thought to correspond to U3O7; and γ-uraninites, thought 
to correspond to U4O9. The β-type requires heat treatment under reducing conditions and the 
γ-type under oxidizing conditions in order to bring their cell dimensions to age values 
consistent with those of the α-type. However no evidence has been presented of the existence 
of U3O7 and U4O9 in nature [46]. Jonsson et al. [47] found that for oxidation to less than 
UO2.33 the fluorite structure is maintained and the oxidation occurs by the uptake of O2- at 
interstitial sites, whereas oxidation beyond UO2.33 destroys the fluorite structure and leads to 
major structural changes, increased dissolution and formation of secondary precipitates.  
 
Natural uraninites contain impurities due to cationic substitution and / or decay of the 
uranium isotopes, 238U and 235U, into radiogenic lead (and other radiogenic daughter products) 
and undergo structural damage by internal alpha-particle bombardment. Geologically old 
uraninite contains up to ~20 wt.% of PbO due to radioactive breakdown of U [48-50], 
although 7-10 wt.% is more common [7, 50, 51]. Natural uraninites have also been reported to 
contain up to 11 wt.% CaO and 12 wt.% REE2O3 (REE- Rare earth elements) [7, 16, 52, 53]. 
In light of the aforementioned  Janeczek et al., [49]; proposed the following structural formula 
for uraninite.    
                              �𝑈1−𝑥−𝑦−𝑧4+ 𝑈𝑥6+𝑅𝐸𝐸𝑦3+𝑀𝑧2+�𝑂2+𝑥−(0.5𝑦)−𝑧∗ 
 
The most important impurities in uraninite are Pb, Th, Ca, Y and lanthanides. Other 
elemental impurities reported in uraninite include Si, P, Al, Fe, Mg, Na and K [8, 53]. The 
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impurity content of uraninite depends strongly upon the environment of deposition, as well as 
the conditions under which dissolved U may have been transported. Impurities can provide 
insight into the genesis of uraninite and uraninite-fluid interactions, and may also affect 
uraninite stability.  [39]. As previously discussed, pegmatic uraninites primarily contain Th 
and REE [39]. These compositional differences reflect differences in the aqueous chemistries 
of U, Th and REE; U may be readily oxidised and transported as the UO22+ ion and its 
complexes whereas Th and REE tend to be less mobile [54]. These different solution 
behaviours fractionate U from Th and REE in many aqueous environments, especially where 
redox conditions favour UO22+ formation. Uraninites of sedimentary and hydrothermal origin 
mostly contain Pb as the abundant cationic impurity. Janeczek et al., reported that lead [Pb2+] 
is incompatible at concentrations greater than a few percent in the uraninite structure and may 
replace some U and occupy interstitial sites within the uraninite structure [50, 51]. The decay 
of U to Pb also influences the average oxidation state of uraninite [48]. The increased Pb 
content, would lead to higher concentrations of uranium vacancies or vacancy pairs and 
Janeczek et al., proposed a modified formula for the uraninite structure in the presence of Pb 
[48, 50]-  
�𝑈1−𝑥−𝑦−𝑧
4+ 𝑈𝑥
6+𝑅𝐸𝐸𝑦
3+𝑀𝑧
2+
𝑣
4−�𝑂2+𝑥−(0.5𝑦)−𝑧−2𝑣∗ 
 
Characterisation of natural uraninites have previously been conducted using a variety of 
techniques, for example, Optical microscopy (Finch et al., [55]), Scanning electron 
microscopy (Pavicevic et al., [56]; Stefaniak et al., [57]), Inductively coupled plasma and 
atomic emission spectroscopy (Bruno et al., [58]), Electron probe microanalysis, EPMA 
(Finch et al., [59]; Foord et al., [60]; Forster et al., [42] ), X-ray diffraction, XRD (Janeczek et 
al., [49]; Ruskeeniemi et al., [61]), X-ray photoelectron spectroscopy, XPS (Bruno et al.,[58]; 
Ruskeeniemi et al., [61], Teterin et al., [62]), particle-induced x-ray emission analysis, PIXE 
(Pavicevic et al., [56]), secondary ion mass spectrometry, SIMS (Zetterstrom et al., [63]), 
Spectrophotometric studies (D.von.Borstel et al, [64]), and micro-raman spectroscopy, MRS, 
(Stefaniak et al., [57]; He et al., [65]). Janeczek et al., [49]; Fayek et al., [52]; Finch et al., 
[55]; Laxen  et al., [24]; Frondel et al., [7]; and Ford et al., [31]; have all extensively discussed 
uraninite mineralogy and the types of deposits that they typically appear in. Their studies 
focused on the oxidation state that the uraninite is present in natural systems and the general 
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conclusion was that there is still much conjecture about the oxidation state as it is strongly 
dependent on impurity content, type of chemical alteration and the effect of radioactive decay 
over time. It is generally accepted however, that either or all of these factors would affect the 
extraction of uranium from their bound sites in uraninite.  
 
1.2.2. Physical and chemical properties of uraninite 
 
Uraninite (nominally UO2+x, Molar mass-270.03 g/mol) is iron-like in unaltered crystals; 
usually dull, or pitch-like to slightly greasy in altered material. Its colour varies from dark 
steel grey to velvety black in crystals, becoming brownish black, dark brown, greenish black, 
or dark greenish grey in oxidized and altered materials [19]. The colour of powdery synthetic 
UO2 varies from black or bluish black to dark brown and brown depending on particle size and 
the content of oxygen [7]. The melting point in air is 2500°C- 2600°C.  It is paramagnetic [66, 
67], and does not fluoresce in UV light. Synthetic UO2 is stable in air at room temperature, but 
it oxidizes to U3O8 when heated. When natural uraninite is heated it recrystallises (depending 
on the temperature, the duration of heating, the ambient atmosphere, and the extent of original 
oxidation) into UO2, U3O8, or a mixture of UO2 (or UO2+x) and either U3O8, U4O9, or an 
unidentified phase that may be U4O9 [68] (see Figure 1.3). A. Turos et al. [69]; stated that the 
oxidation of UO2 begins at the surface and proceeds into the bulk. The oxidation of UO2 takes 
place in the UO2-ß-U3O7 transition region.  
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Figure 1.3: Phase diagram of the U–O system in the region 2.0 ≤ O / U ≤ 3.0 [21]. 
 
1.2.3. Aqueous geochemistry of uraninite 
 
The aqueous behaviour of uranium can be described in terms of oxidative dissolution of 
uranium minerals, uranium solubility and uranium precipitation [49]. Uranium has a very 
complex aqueous chemistry which is due to complexation and hydrolytic reactions with other 
complexing agents, which often lead to polymeric ion species [70]. The oxidising conditions 
imply a classical three step process of dissolution of tetravalent uraninite: first oxidation of 
UO2; then dissolution of higher oxides and release of UO22+ in solution and finally the 
formation of alteration products [71]. These latter species are assumed to control the uranium 
solubility. Although aqueous solutions of the other oxidation states, U3+ and U5+, may be 
prepared, they are readily oxidized to the uranous [UO2] and uranyl [UO22+] species. The 
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standard reduction potentials, E0, for uranium in different oxidation states / species are shown 
in equations 1.4 and 1.5 [72-74]. 
 
𝑈𝑂2
2+ 0.19 𝑉�⎯⎯� 𝑈𝑂2+ 0.37 𝑉�⎯⎯�  𝑈4+ −0.61 𝑉�⎯⎯⎯� 𝑈3+ −4.7 𝑉�⎯⎯� 𝑈2+ −0.1 𝑉�⎯⎯�𝑈   (1.4) 
 
𝑈𝑂2
2+ 0.28 𝑉�⎯⎯�  𝑈4+ −1.35  𝑉�⎯⎯⎯⎯� 𝑈  (1.5) 
 
 
Under reducing conditions at acidic pH, uranium is present in water as the U4+ species. The 
concentrations of U6+ species in oxidized ground and surface waters reach tens to thousands of 
ppm concentrations, depending on pH and ligand concentrations [75-77]. Under oxidizing 
conditions, conversion of U4+ to the higher state U6+, results in the formation of the highly 
soluble, stable and mobile uranyl ion (UO22+). Solubility is enhanced by complexation with 
sulphate, carbonate, hydroxide, fluoride, chloride, nitrate, phosphate or organic ligands such as 
humic or fulvic acids [75, 78].  The uranium is then transported as an anion or complexed 
anion in oxidized ground and surface waters. Alkaline pH values and elevated bicarbonate 
concentrations in oxidized ground and surface waters favour the stabilization and mobilization 
of uranium as uranyl carbonate complex [79]. In contrast, the predominant species in acidic, 
oxygenated waters are the uranyl ion and uranyl-sulphate complex [79, 80]. Thus, acid or 
alkaline oxygenated mine waters may carry significant concentrations of dissolved uranium 
[77, 81]. 
 
1.2.4. Dissolution chemistry of uraninite 
 
The majority of processes used worldwide to extract uranium from uranium bearing 
minerals such as UO2 involve an oxidation / acid dissolution step (with sulphuric acid being 
the predominant acid used). Based on previous studies that have been conducted on UO2 
dissolution, it is widely accepted that the main reactions involved in the dissolution of UO2 in 
dilute sulphuric acid solution are (1) oxidation of  U(IV) to U(VI) by ferric ion (FeIII) to produce 
the UO22+ species (Equation 1.6) and; (2) the subsequent reaction of UO22+ with sulphuric acid 
to form sulphate complexes (Equation 1.7-1.9) [82, 83]. An oxidant such as NaClO3 is then 
used to convert the Fe2+ back to Fe3+ (Equation 1.10). 
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Reaction 
 
Rate Law 
 
Equation 
 
𝑈𝑂2 + 2𝐹𝑒3+ ↔  𝑈𝑂22+ + 2𝐹𝑒2+  𝑘 exp �−𝐸 
𝑅𝑇
�  [𝑈𝑂2] [𝐹𝑒3+]1/2 [𝐹𝑒2+]−1/2  (1.6) 
 
𝑈𝑂2
2+ + 𝑆𝑂42− ↔  𝑈𝑂2𝑆𝑂4  𝑘[𝑈𝑂22+][𝑆𝑂42−]  (1.7) 
 
𝑈𝑂2𝑆𝑂4 + 𝑆𝑂42− ↔  𝑈𝑂2(𝑆𝑂4)22−  𝑘[𝑈𝑂2𝑆𝑂4][𝑆𝑂42−]  (1.8) 
 
𝑈𝑂2(𝑆𝑂4)22− + 𝑆𝑂42− ↔  𝑈𝑂2(𝑆𝑂4)34−  𝑘[𝑈𝑂2(𝑆𝑂4)22−][𝑆𝑂42−]  (1.9) 
 6𝐹𝑒2+ + 𝑁𝑎𝐶𝑙𝑂3 + 6𝐻+  ↔  6𝐹𝑒3++ 𝑁𝑎𝐶𝑙 + 3𝐻2𝑂 
 
𝑘[𝐹𝑒2+][𝑁𝑎𝐶𝑙𝑂3]  (1.10) 
 
The reintroduction of Fe3+ ions back into the solution forms a continuous cycle of redox 
reactions until most of the insoluble UO2 is converted to the soluble UO22+ form. In an acidic 
environment, the uranium dissolution process is confined to a specific Eh-pH window due to 
its electrochemical nature as shown in Figure 1.4 [84].  
 
Figure 1.4: Eh / pH diagram of a U-S-H2O system at 25°C [84]. 
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During uranium processing, Fe containing minerals in the ore generally produce the Fe 
required for the oxidation of UO2 (an additional oxidant is also added to ensure a sufficient 
quantity of this Fe is present as FeIII). The rates of the aforementioned reactions involved in 
the dissolution of UO2 from uranium ores can be influenced by a number of factors. These 
include- standard parameters that are commonly monitored in the uranium minerals processing 
industry such as residence time, initial U concentration, temperature, [Fe], [H2SO4], oxidation-
reduction potential, pH, particle size etc.; the concentration(s) of foreign ions in the leach 
slurry due to dissolution of gangue minerals; the composition of the UO2 and cationic 
substitutions occurring within; and the distribution of the UO2 within the ore (liberation). 
Studies that have been conducted on the influence of the aforementioned are discussed in the 
proceeding sections.  
 
1.2.4.1. Influence of Standard Parameters  
 
 
The influences of standard parameters (temperature, [H2SO4], [Fe], particle size, pH, initial 
U concentration, oxidant concentration / type, leaching time, solution agitation etc.) have been 
investigated previously [23, 58, 85-103]. Broczkowski et al., investigated the anodic 
dissolution of UO2 and found that both the oxidation of the surface  and the rate of anodic 
dissolution leading to the formation of a UO3.yH2O deposit were accelerated at higher 
temperature [104, 105]. Casas et al., [106]; predicted that the corrosion rate of UO2 varies with 
pH over the range 2–5, but is independent of pH for more acidic conditions. Cera et al., 
conducted experiments comparing UO2 pellets with powder to determine the surface / volume 
(S/V) ratio using saline solution as a solvent. As expected, the uranium concentrations in 
solution increased faster with increasing S/V ratio. The high S/V ratio (UO2 powder 
experiments) leads to saturation effects in shorter contact times than in the experiments 
performed with UO2 pellets (lower S/V ratios) [107]. Roth et al., conducted studies on particle 
size of UO2 and determined an increasing rate with reducing particle sizes due to increasing 
surface to volume ratio [108].  
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Of the various parameters that are known to influence the dissolution of UO2, the 
concentrations of FeIII and FeII and solution ORP, which is closely related to the FeIII: FeII 
ratio, are a set of parameters whose influences are not completely understood as they have not 
been studied over a wide range of conditions. Two of the most comprehensive studies 
conducted on the influence of FeIII and FeII on UO2 dissolution (under conditions of relevance 
to uranium minerals processing) were the studies conducted by Laxen and Nicol et al., [82, 
83]. Laxen investigated the influence of [FeIII], [FeII] and the FeII: FeIII ratio on the dissolution 
of UO2 crystals. Nicol et al., investigated the influence of [FeII] concentration on dissolution 
of a sintered pellet of UO2. The main findings from the aforementioned studies (under the 
conditions and concentration ranges studied) were that the UO2 dissolution rate increases with 
an increase in [FeIII] and the FeIII: FeII ratio (ORP), whilst an increase in the [FeII] above a 
certain level leads to a decrease in the dissolution rate. Recent findings reported by Lottering 
et al., [84]; however on the effect of ORP on UO2 dissolution from three different ores showed 
an inconsistent dependence of the extent of UO2 dissolution on ORP. 
1.2.4.2. Effect of foreign ions and cationic substitutions- 
 
As mentioned earlier the slurries generated during tank based uranium minerals processing 
also contain gangue minerals which can be attacked by acid and hence release foreign species 
into the slurry. Some of the proposed effects of gangue minerals include alterations in uranium 
dissolution, degree of recovery and elevated reactant consumption. This dissolution of gangue 
minerals can influence the dissolution of minerals such as UO2 via two main pathways; firstly 
it leads to a reduction in the acid concentration of the slurry and secondly the foreign ions 
released may influence the UO2/UO22+ dissolution reactions. The types (and concentrations) of 
foreign ions that will be present in a uranium ore leach slurry will undoubtedly be dependent 
on the mineralogy of the ore being processed. Some foreign ions that have been detected and / 
or postulated to be present in uranium ore slurries include fluoride, phosphate, sulfate, nitrate 
and chloride [109-112]. There have however been very few studies on the influence of foreign 
ions on UO2 dissolution under conditions similar to those used in uranium minerals 
processing. Laxen conducted studies on the effect of anions and cations on the dissolution of 
UO2 single crystals and observed that NO3- did not result in an improved dissolution rate 
whilst Cl- had a positive influence on the rate.  The addition of SO42- had a marked effect on 
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uraninite dissolution [113]. Spitsyn et al., conducted studies on the influence of sulphate 
addition (as Na2SO4) on UO2 dissolution and observed an initial increase in the degree of 
oxidation of uranium with a 0.5-1.5 wt% addition. However upon reaching a SO42- ion 
concentration of 6.7% there was a substantial drop in the degree of oxidation. They proposed 
that this was due to either a change in the mobility of ions, the formation of iron complexes or 
formation of hydrolyzed compounds of FeIII.  Nesmeyanova et al., investigated the influence 
of NaI, NaF, NaBr and NaCl on UO2 dissolution and reported the influence of the halides in 
the order of  I- >F- >Br- >Cl- on uraninite dissolution [114]. Various other studies have been 
conducted on the effect of anions but they have been primarily associated with spent nuclear 
fuel in geological repositories [115, 116]. 
 
Another important factor that may influence the dissolution of UO2 is the form in which 
UO2 is typically present in natural systems. As previously discussed, natural uraninites 
typically contain impurities due to cationic substitution and / or decay of the uranium isotopes 
238U and 235U. The influence that impurity elements in uraninite may have on uraninite 
dissolution under reducing conditions is uncertain. Grandstaff [92]; reported that increased Th 
concentrations increase the dissolution rate, whereas Posey-Dowty et al., [117]; found no 
effect. Dyck et al., conducted dissolution studies on mixed thorium-uranium oxide fuel and 
determined that an initial acid composition of 13 mol L-1 HNO3 / 0.05 mol L-1 HF was near 
optimal for dissolution. The rate of the reaction was calculated to be first order with respect to 
HNO3 concentration [118].  S. Sunder et al., concluded that the leach rate of uranium with 
UO2 present as a solid solution in ThO2 matrix, is reduced by a factor greater than that 
expected solely from the decrease in the uranium concentration in the solid phase [119]. G. 
Heisbourg et al., conducted an extensive study on the dissolution of thoria-urania solid 
solutions in oxidizing and corrosive media and determined that depending on the uranium 
content, and the pH of the leachate, the dissolution curve involved two successive steps- a 
kinetically controlled step and a thermodynamically controlled step [120].  
1.2.4.3. Dissolution studies on natural uraninite 
Several  studies have been conducted on the dissolution of naturally occurring uraninite / 
ores containing uraninite [26, 49, 55, 92, 98, 121-126]. Grandstaff [92]; investigated 
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dissolution of four homogenous  pegmatic uraninite samples and two heterogeneous ore 
samples (from Elliot River Lake, Canada; and Vaal reefs west mine, Witwatersrand, South 
Africa) and reported varied  dissolution rates between the pegmatic uraninite samples and the 
ore samples. However due to the complex chemical system involved in the samples studied, 
no unequivocal interpretation of the nature of the relationship between variation in chemistry 
and variation of reaction rate could be made. Ring [121]; conducted sulphuric acid leaching 
studies of uraninite-dominated ores from a number of Australian deposits (Ranger, Nabarlek 
and Koongarra all within the Alligator Rivers region) as well as a uranium-rich copper tailings 
concentrate from the Roxby Downs (Olympic Dam) deposit. All three ores were readily 
amenable to conventional sulphuric acid leaching with variations in temperature and pH 
having the most influence in determining the most suitable leaching conditions [121].  
Casas et al., [122]; conducted studies on natural uraninite samples from Cigar Lake 
(Canada) (45-55% uraninite), Jachymov (Czech Republic) (85-90% uraninite), and Oklo 
(Gabon) (90-95% uraninite) and observed highest uranium solubilities in the Oklo sample. 
They attributed the increased solubility to higher levels of radioactive decay in the Oklo 
sample which results in unique defects occurring on the surface of uraninites and isolated 
areas of amorphous material forming on grain boundaries. Lottering et al., [84]; conducted 
acid leaching studies on three low grade uranium ores (containing UO2) from the Vaal River 
region in South Africa. The uranium and gangue mineral distribution in the ores indicated that 
the concentration of uraninite (UO2) varied between 42-53% for the three ores and the bulk 
mineralogy of quartz, muscovite, chlorite, pyrophyllite, pyrite and albite also varied slightly 
across the three samples. Results showed it was difficult to achieve uranium dissolutions 
higher than 90% under conventional uranium leaching conditions. This was attributed to the 
presence of refractory brannerite in the ores. Reagent consumption varied for the three ores as 
a result of changes in the gangue mineral content with chlorite found to be the major acid 
consumer.   
1.3. Summary of literature review 
Previous studies conducted on the structure, composition and dissolution of both synthetic 
and natural uraninite, were extensively reviewed in the preceding sections. From the literature 
it can be ascertained that although uraninite is nominally given the simple formula UO2+x, 
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naturally occurring uraninite is chemically complex. Typically, naturally-occurring uraninites 
are heavily substituted with other cations; usually partially oxidised and hydrated; and also 
likely to be contaminated by associated gangue minerals. The combined effects of chemical 
modifications (structure, oxidation, alteration and gangue mineralogy) likely explains the 
differences often recorded in leaching studies of natural uraninite-bearing ores and makes it 
essential to consider unique processing conditions for different uraninite ore bodies in order to 
optimise the extraction of uranium. While numerous uranium extraction studies have been 
conducted on naturally-occurring uraninite ores, this review has demonstrated that the results 
are variable and are strongly dependent on- differences in structure and chemistry of the host 
uraninite; the composition of any associated uranium-containing minerals; and the gangue 
mineral content. The differences in chemistry also makes it essential that, before any 
extraction process is considered, detailed fundamental studies and ore characterisation studies 
are of vital importance in order to fully understand the interrelationship between chemistry, 
mineralogy (ore and gangue), mineral liberation and potential leaching behaviour of uranium. 
1.4. Scope of project 
 
As discussed previously there have been a number of studies conducted on a number of 
aspects of synthetic and natural uraninite reported in the literature. These studies however 
have been varied and limited in their scope, due to the differences that occur across uraninite 
bearing ore bodies. Furthermore, although there have been numerous studies conducted on 
UO2 dissolution under conditions of relevance for the safety assessment of deep geological 
repositories for spent nuclear fuel [23, 77, 99, 127-134], there is still a lack of understanding / 
data  on the dissolution of UO2 under conditions relevant to minerals processing. The primary 
aim of this thesis was to investigate the dissolution of uraninite and obtain information that 
could contribute to improvements in the processing of this important primary uranium mineral 
(i.e. improvements in processing efficiency, reduce waste, conserve energy & water, and 
reduce environmental impacts). Specific aims of this project included: 
 
- Investigating the influence of the following standard parameters on the dissolution of 
synthetic UO2 
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- Temperature, leach residence time, initial U concentration, solution agitation, 
particle size, [H2SO4] and pH 
- [FeTOT] (FeIII/FeII) and Oxidation reduction potential 
- Investigating the influence of the following anions and cations on the dissolution of 
synthetic UO2 
- Varying Fe-counter ion  
- Halides (F-, Cl-, Br- )  
- Oxo-anions (SO42-, PO43-, NO3-) 
- Investigating the influence of changes in the structure and composition caused by the 
following dopants, on the dissolution of synthetic UO2 
- Lead doping 
- Thorium doping 
- Investigations on natural uraninite 
- Detailed characterisation studies 
- The influence of the standard parameters (Temperature, [H2SO4], particle size, 
[FeTOT] (FeIII/FeII) and Oxidation reduction potential) 
 
1.5. References 
 
1. Peehs, M., Walter, T., Walter, S. and Zemek, M.; Uranium, Uranium Alloys, and 
Uranium Compounds. Ullmann's Encyclopedia of Industrial Chemistry, 2007; John 
Wiley and Sons, Inc. 
2. Peehs, M., Walter, T., and Walter, S.; Uranium, Uranium Alloys, and Uranium 
compound. Ullmann’s Encyclopedia of Industrial Chemistry, 2005; John Wiley and 
Sons, Inc. 
3. Hahn, O. and Strassman, F.; Concerning the existence of alkaline earth metals 
resulting from neutron irradiation of uranium. Naturwissenschaften, 1939. 27(11): p. 
11. 
4. Meitner, L. and Frisch, O.R.; Disintegration of uranium by neutrons: a new type of 
nuclear reaction. Nature, 1939. 143(3615): p. 239-240. 
Chapter 1 
 
~ 30 ~ 
 
5. Clark, D.L., Neu, M.P., Runde, W. and Keogh, D.W.; Uranium and Uranium 
Compounds. Kirk-Othmer Encyclopedia of Chemical Technology, 2006; John Wiley 
and Sons, Inc. 
6. I.A.E.A and OECD Nuclear Energy Agency; Uranium 2005. Resources, Production 
and Demand. I.A.E.A report, 2006.  
7. Frondel, C.; Systematic mineralogy of uranium and thorium. 1958. Vol. 1064. US 
Government Printing Office. 
8. Finch, R.J. and Murakami, T.; Systematics and paragenesis of uranium minerals. 
Reviews in Mineralogy and Geochemistry, 1999. 38(1): p. 91-179.  
9. Hazen, R.M., Ewing, R.C. and Sverjensky, D.A.; Evolution of uranium and thorium 
minerals. American Mineralogist, 2009. 94(10): p. 1293-1311. 
10. Burns, P.C. and Finch, R.J.; Uranium: mineralogy, geochemistry and the environment. 
1999. Mineralogical Society of America. 
11. I.A.E.A.; Uranium Extraction Technology. Technical report series No.359, 1993. 
12. Morss, L.R., Edelstein, N.M. and Fuger, J.; The chemistry of the actinide and 
transactinide elements. The Chemistry of the Actinide and Transactinide Elements 1, 
2011.  
13. Plant, J.A., Simpson, P.R., Smith, B. and Windley, B.F.; Uranium ore deposits; 
products of the radioactive Earth. Reviews in Mineralogy and Geochemistry, 1999. 
38(1): p. 255-319. 
14. Finch, R. and Murakami, T; Systematics and paragenesis of uranium minerals. 
Reviews in Mineralogy and Geochemistry, 1999. 38(1): p. 91-179. 
15. Krivovichev, S., Burns, P. and Tananaev,  I.; Structural chemistry of inorganic 
actinide compounds. 2006, Elsevier Science. 
16. Frondel, J.W., Fleischer, M. and Jones, R.S.; Glossary of uranium-and thorium-
bearing minerals. 1967, US Government Printing Office. 
17. Gabelman, J.W.; Expectations from uranium exploration. Am. Assoc. Pet. Geol. Bull, 
1976. 60(11): p. 1993-2004. 
18. Dahlkamp, F.J.; Classification of uranium deposits. Mineralium deposita, 1978. 13(1): 
p. 83-104. 
Chapter 1 
 
~ 31 ~ 
 
19. Kirk-Othmer; Uranium and Uranium Compounds. Encylopedia of Chemical 
Technology, 2006. John Wiley and Sons Inc. 
20. McKay, A.D. and Miezitis, Y.; Australia's uranium resources, geology and 
development of deposits. 2001. AGSO-Geoscience Australia. 
21. R.Morss, L., Edelstein, N.M. and Fuger, J.; The chemistry of the actinide and 
transactinide elements. Fourth ed. 2010, Netherlands: Springer. 
22. Benes, V., Boitsov, A.V., Fuzlullin, M., Hunter, J., Mays, W., Novak, J., Slezak, De 
Stover, Tweeton, D. and Underhill, D.H.; Manual of acid in situ leach uranium mining 
technology. 2001. International atomic energy agency, Vienna. 
23. Burns, P.C., Ewing, R.C. and Miller, M.L.; Incorporation mechanisms of actinide 
elements into the structures of U6+ phases formed during the oxidation of spent nuclear 
fuel. Journal of Nuclear Materials, 1997. 245(1): p. 1-9. 
24. Laxen, P.A. and Atmore, M.G.; The development of the acid leaching process for the 
extraction and recovery of uranium from rand cyanide residues. Journal of the South 
African Institute of Mining and Metallurgy, 1957. p. 359-375. 
25. Macnaughton, S.J., Ring, R.J., Day, A., Collier, D.E. and Tan, L.K.P.; Optimisation of 
the leach conditions for a copper / uranium ore. Proceedings of sessions and symposia 
minerals, metals and materials society, San diego, 1999. 
26. Macnaughton, S.J., Tan, L.K.P., Day, A., Ring, R.J.; Modelling the Leaching behavior 
of an uranium ore. Uranium 2000: Proceedings of the International Symposium on the 
process metallurgy of uranium as held at the 30th Annual hydrometallurgical 
conference, 2000. p. 413-427. 
27. Kohl, E.; Uber des Uranpecherz nebst Abkommlingen im Bereich des Mansf. Geologie, 
Jahrg, 1941. 49: p. 99-107. 
28. Lang, A.H., Griffith, J. and Steacy, H.; Canadian deposits of uranium and thorium 
(No.16). 1962. Dept. of Mines and Technical Surveys, Canada. 
29. Derriks, J.J. and Vaes, J.F.; The Shinkolobwe uranium deposit: Current status of our 
geological and metallogenic knowledge. Proceedings of the International Conference 
on the Peaceful Uses of Atomic Energy, Geneva. 1955. p. 94. 
30. Cahen, L.; Géologie du Congo belge. 1954. 
Chapter 1 
 
~ 32 ~ 
 
31. Ford, M.A.; Uranium in South Africa. Journal of the South African Institute of Mining 
and Metallurgy, 1993. 93(2): p. 37-58. 
32. Everhart, D.L. and Wright, R.J.; The geologic character of typical pitchblende veins. 
Economic geology, 1953. 48(2): p. 77-96. 
33. Ford, R.B.; Mineralogy of a uraninite-bearing pegmatite, Lac La Ronge, 
Saskatchewan. Economic geology, 1955. 50(2): p. 196-205. 
34. Page, L.R.; Uranium in pegmatites. Economic geology, 1950. 45(1): p. 12-34. 
35. McMillan, R.H.; Genetic aspects and classification of important canadian uranium 
deposits. Uranium deposits: Their mineralogy and origin, 1978. p. 187-204. 
36. Rosenzweig, A., Gruner, J.W.  and Gardiner, L.; Widespread occurrence and 
character of uraninite in the Triassic and Jurassic sediments of the Colorado Plateau. 
Economic geology, 1954. 49(4): p. 351-361. 
37. Weeks, A.D. and Thompson, M.E.; Identification and occurrence of uranium and 
vanadium minerals from the Colorado Plateaus, No. TEI-334. 1953. Geological 
Survey. 
38. Miller, L.J.; Uranium ore controls of the Happy Jack deposit, White Canyon, San Juan 
County Utah. Economic geology, 1955. 50(2): p. 156-169. 
39. Frondel, C.; Mineralogy of Uranium. Journal of the mineralogical society of america, 
1957. 42(3-4): p. 125-132. 
40. Kotzer, T. and Kyser, T.; O, U, and Pb isotopic and chemical variations in uraninite: 
Implications for determining the temporal and fluid history of ancient terrains. 
American Mineralogist, 1993. 78: p. 1262-1274. 
41. Pourcelot, L. and Gauthier-Lafaye, F.; Mineralogical, chemical and oxygen isotopic 
data on uraninites from Natural Fission Reactors (Gabon): effects of weathering 
conditions. Comptes Rendus de l'Académie des Sciences-Series IIA-Earth and 
Planetary Science, 1998. 326(7): p. 485-492. 
42. Forster, H.J.; The chemical composition of uraninite in Variscan granites of the 
Erzgebirge, Germany. Mineralogical Magazine, 1999. 63(2): p. 239-252. 
43. He, H.; The influence of Non-Stoichiometry and rare earth doping on the oxidation 
and dissolution of uranium dioxide. School of Graduate and Postdoctoral Studie,  
2010. University of Western Ontario, Canada. 
Chapter 1 
 
~ 33 ~ 
 
44. Ring, R.J.; Leaching characteristics of Australian Uranium ores. Proc. Australas. Inst. 
Min. Metall., 1979. 272: p. 13-23. 
45. Wasserstein, B.; Cube-edges of uraninites as a criterion of age. 1951. 
46. Hoekstra, H.R. and Katz, J.J.; Age of Uraninites from Crystallographic Data. 1955. 
47. Roth, O. and Jonsson, M.; Oxidation of UO2(S) in aqueous solution. Central European 
Journal of Chemistry, 2008. 6(1): p. 1-14. 
48. Janeczek, J. and Ewing, R.C.; Structural formula of uraninite. Journal of Nuclear 
Materials, 1992b. 190: p. 128-132. 
49. Janeczek, J. and Ewing, R.C.; Dissolution and alteration of uraninite under reducing 
conditions. Journal of Nuclear Materials, 1992c. 190: p. 157-173. 
50. Janeczek, J. and Ewing, R.C.; Mechanisms of lead release from uraninite in the 
natural fission reactors in Gabon. Geochimica et Cosmochimica Acta, 1995. 59(10): 
p. 1917-1931. 
51. Berman, R.M.; The role of lead and excess oxygen in uraninite. Am. Mineralogist, 
1957. 42(11-12): p. 705-731. 
52. Fayek, M., Janeczek, J. and Ewing, R.C.; Mineral chemistry and oxygen isotopic 
analyses of uraninite, pitchblende and uranium alteration minerals from the Cigar lake 
deposit, Saskatchewan, Canada. Applied Geochemistry, 1997. 12(5): p. 549-565. 
53. Alexandre, P. and Kyser, T.K.; Effects of cationic substitutions and alteration in 
uraninite, and implications for the dating of uranium deposits. The Canadian 
Mineralogist, 2005. 43(3): p. 1005-1017. 
54. Langmuir, D.; Uranium solution-mineral equilibria at low temperatures with 
applications to sedimentary ore deposits. Geochimica et Cosmochimica Acta, 1978. 
42(6): p. 547-569. 
55. Finch, R.J. and Ewing, R.C.; The corrosion of uraninite under oxidising conditions. 
Journal of Nuclear Materials, 1992. 190: p. 133-156. 
56. Pavicevic, M. and El Goresy, A.; Mineralogy of the uranium deposit of Zirovski Vrh, 
Slovenia / Yugoslavia: a reflected light, SEM, electron microprobe and PIXE 
investigation. Monogr. Ser. Min. Dep, 1987. 27: p. 113. 
57. Stefaniak, E.A., Alsecz, A., Frost, R., Mathe, Z., Sajo, I.E., Torok, S., Worobiec, A. 
and Van Grieken, R.; Combined SEM / EDX and micro-Raman spectroscopy analysis 
Chapter 1 
 
~ 34 ~ 
 
of uranium minerals from a former uranium mine. Journal of Hazardous Materials, 
2009. 168(1): p. 416-423. 
58. Pablo, J.D., Casas, I., Gimenez, J., Molera, M., Rovira, M., Duro, L. and Bruno, J.;  
The oxidative dissolution mechanism of uranium dioxide. I. The effect of temperature 
in hydrogen carbonate medium. Geochimica et Cosmochimica Acta, 1999. 63(19): p. 
3097-3103. 
59. Finch, R. and Ewing, R.C.; Alteration of natural UO2 under oxidizing conditions from 
Shinkolobwe, Katanga, Zaire: A natural analogue for the corrosion of spent fuel. 
Radiochimica Acta, 1989. 52: p. 395-401. 
60. Foord, E.E., Korzeb, S.L., Lichte, F.E. and Fitzpatrick, J.J.; Additional studies on 
mixed uranyl oxide-hydroxide hydrate alteration products of uraninite from the 
Palermo and Ruggles granitic pegmatites, Grafton county, New Hampshire. The 
Canadian Mineralogist, 1997. 35(1): p. 145-152. 
61. Read, D., Blomqvist, R., Ruskeeniemi, T., Rasilainen, K., Energy, V.T.T. and Ayora, 
F.C.; Uranium migration in glaciated terrain: Implications of the Palmottu study, 
Southern Finland. Confidence in models of radionuclide transport for site-specific 
assessments: Workshop proceedings, Carlsbad, New Mexico, United States, 14-17th 
June 1999, 2001. Agence pour l'Energie Nucléaire. 
62. Teterin, Y.A., Kulakov, V.M., Baev, A.S., Nevzorov, N.B., Melnikov, I.V., Streltsov, 
L.G., Mashirov, D., Suglobov, N. and Zelenkov, A.G.; A study of synthetic and natural 
uranium oxides by X-ray Photoelectron spectroscopy. Phys Chem Minerals, 1981. 
7(4): p. 151-158. 
63. Zetterström, L. and Sunde, T.; Galena Crystallization and the Origin of Sulfur in the 
Oklo and Bangombé Natural Reactors: The Effects of a ca. 900 Ma Thermal Event. 
MRS Proceedings. 2000. 663(1). Cambridge Univ Press. 
64. Borstel, D. and Halbach, P.; Polarographic and spectrophotometric determination of 
the oxidation state of uranium in rocks and ores containing pitchblende. Fresenius' 
Journal of Analytical Chemistry, 1982. 310(5): p. 431-432. 
65. He, H., Ding, Z., and Shoesmith, D.W.; The determination of electrochemical 
reactivity and sustainability on individual hyper-stoichiometric UO2+x grains by 
Chapter 1 
 
~ 35 ~ 
 
Raman microspectroscopy and scanning electrochemical microscopy. 
Electrochemistry communications, 2009. 11(8): p. 1724-1727 
66. Gagliardi, L., Roos, B.O., Malmquist, P.A. and Dyke, J.M.; On the electronic structure 
of the UO2 molecule. Journal of Physical Chemistry A, 2001. 105(46): p. 10602-10606. 
67. Jollet, F., Petit, T., Gota, S., Thromat, N., Gautier-Soyer, M. and Pasturel, A.; The 
electronic structure of uranium dioxide: an oxygen K-edge x-ray absorption study. 
Journal of Physics: Condensed Matter, 1997. 9(43): p. 9393-9401. 
68. Brooker, E. and Nuffield, E.; Studies of radioactive compounds. IV. Pitchblende from 
lake althabaska, canada. Am. Mineralogist, 1952. 37. 
69. Turos, A., Falcone, R., Drigo, A., Sambo, A., Nowicki, L., Madi, N., Jaielski, J. and 
Matzke, H.J.; Structural transformations in leached uranium dioxide. Nuclear 
Instruments and Methods in Physics Research B, 1996. 118(1): p. 659-662. 
70. Heyes, S.J.; Uranium Chemistry- Actinides 1997-98. cited 2008 8th October.  
71. Gallien, J.P., Trocellier, P., and Toulhoat, P.; Leaching of uranium dioxide under 
controlled redox conditions. Journal of Trace and Microprobe Techniques, 1996. 
14(2): p. 343-352. 
72. Fuger, J. and Oetting, F.; The Chemical Thermodynamics of Actinide Elements and 
Compound- Part 2. The Actinide Aqueous Ions, 1976. 
73. Konings, R.J., Morss, L.R.; and Fuger, J.; Thermodynamic properties of actinides and 
actinide compounds. The Chemistry of the Actinide and Transactinide Elements. 2006. 
p. 2113-2224. Springer. 
74. Meinrath, G., Aquatic chemistry of uranium-A Review Focusing on Aspects of 
Environmental Chemistry. Freiberg On-line Geoscience, 1998. 1: p. 8. 
75. Ragnarsdottir, K., Charlet, J.D., Cotter-Howells, L., Campell, S., Valsami-Jones, E. 
and Batchelder, M.; Uranium behaviour in natural environments. Environmental 
mineralogy: microbial interactions, anthropogenic influences, contaminated land and 
waste management, 2000: p. 245-289. 
76. Langmuir, D., Hall, P. and Drever. J.I.; Actinides and their daughter and fission 
products. in Aqeuous Environmental Geochemistry, 1997. p. 486-547. 
77. Forsyth, R.S. and Werme, L.O.; Spent fuel corrosion and dissolution. Journal of 
Nuclear Materials, 1992. 190: p. 3-19. 
Chapter 1 
 
~ 36 ~ 
 
78. Langmuir, D., Hall, P. and Drever. J.I.; Aqueous environmental geochemistry. 1997. 
79. Abdelouas, A., Lutze, W. and Nuttall, H.; Oxidative dissolution of uraninite 
precipitated on Navajo sandstone. Journal of Contaminant Hydrology, 1999. 36(3): p. 
353-375. 
80. Wanty, R., Miller, W.R., Briggs, P.H. and McHugh, J.B.; Geochemical processes 
controlling uranium mobility in mine drainages. The Environmental Geochemistry of 
Mineral Deposits, Part A: Processes, Techniques, and Health Issues. Reviews in 
Economic Geology A, 1999. 6: p. 201-213. 
81. Lottermoser, B.G.; Radioactive Wastes of Uranium Ores, in Mine wastes: 
Characterisation, Treatment and environemental impacts. 2010. Springer. 
82. Nicol, M.J., Needes, C.R.S. and Finkelstein, N.P.; Electrochemical model for the 
leaching of uranium dioxide. 1. Acid media,. Leaching and Reduction in 
Hydrometallurgy, 1975. P. 1-11. 
83. Laxen, P.A.; Dissolution of uranium dioxide as an electron transfer reaction. in The 
recovery of uranium: Proceedings of a symposium. 1971.  
84. Lottering, M.J., Lorenzen, L., Phala, N.S., Smit, J.T. and Schalkwyk, G.A.C.; 
Mineralogy and uranium leaching response of low grade South African ores. Minerals 
Engineering, 2008. 21(1): p. 16-22. 
85. Macnaughton, S.J., Ring, R.J., Day, A.; Collier, D.E., Tan, L.K.P.; Optimization of the 
leach conditions for a copper / uranium ore, in EPD Congress, Proceeding of Sessions 
and Symposia, Minerals, Metals and Materials Society: San Diego, 1999. 
86. Ho, E. and Ring, R.; Oxidants for Uranium Leaching. 2007. ANSTO Minerals. 
87. Alkhazashvili, G.M. and Nesmeyanova, G. M.; Solution of pitchblendes in sulfuric 
acid solutions containing oxidants. Atomnaya Energiya, 1963. 13(2): p. 769-776. 
88. Alkhazashvili, G.M., Nesmeyanova, G. M., Kuz'mina, L.N.; The effect of the iron 
minerals in ores on oxidation of uranium in acid. Atomnaya Energiya, 1963. 15(4): p. 
1031-1035. 
89. Nesmeyanova, G.M. and Alkhazashvili, G.M.; Role of Oxidation-reduction processes 
in the solution of uranium oxides in acid media. Atomnaya Energiya, 1961. 8(4): p. 
284-288. 
Chapter 1 
 
~ 37 ~ 
 
90. Nesmeyanova, G.M. and Alkhazashvili, G.M.; The effect of certain compounds on the 
oxidation of uranium in acid media. Atomnaya Energiya, 1962. 10(6): p. 583-586. 
91. Nesmeyanova, G.M., Chernuschevich, N.K.; Investigation of the behaviour of minerals 
accompanying uranium in the acid leaching of ores. Atomnaya Energiya, 1961. 9(2): 
p. 646-648. 
92. Grandstaff, D.E.; A Kinetic study of the dissolution of uraninite. Economic Geology 
and the Bulletin of the society of economic geologists, 1976. 71(8): p. 1493-1506. 
93. Casas, I., de Pablo, J., Gimenez, J., Torrero, M.E., Bruno, J., Cera, E., Finch, R.J. and 
Ewing, R.C.; The role of pe, pH and carbonate on the solubility of UO2 and uraninite 
under nominally reducing conditions. Geochimica et Cosmochimica Acta, 1998. 
62(13): p. 2223-2231. 
94. Gallien, J.P; Toulhoat, P.; Leaching of Uranium Dioxide under controlled redox 
conditions. Journal of trace and microprobe techniques, 1996. 14(2): p. 343-352. 
95. Clegg, J.W., Foley, D.D.; Uranium Ore Processing. 1958. 
96. Opel, K., Weiss, S., Hubener, S., Zanker, H. and Bernhard, G.; Study of the solubility 
of amorphous and crystalline uranium dioxide by combined spectroscopic methods. 
Radiochimica Acta, 2007. 95(3): p. 143-149. 
97. Ulrich, K.U., Singh, A., Schofield, E.J., Bargar, J.R., Veeramani, J., Sharp, J.O., 
Bernier-Latmani, R. and Giammar, D.E.; Dissolution of Biogenic and Synthetic UO2 
under varied reducing conditons. Environmental Science and Technology, 2008. 
42(15): p. 5600-5606. 
98. Mackay, T.L. and Wadsworth, M.E.; A kinetic study of the dissolution of UO2 in 
Sulfuric Acid. Trans. Met. Soc. AIME, 1958. 212: p. 597-603. 
99. Roth, O., Jonsson, M.; Oxidation of UO2 (s) in aqueous solution. Central European 
Journal of Chemistry, 2008. 6(1): p. 1-14. 
100. Pierce, E.M.; Mechanistic and Kinetic Investigation of Crystalline UO2 Dissolution 
(Doctoral dissertation).2003. Tulane University: New Orleans.  
101. Steward, S.A, Mones, E.T.; Uranium Dioxide dissolution under acidic aqueous 
conditions. International High Level Radioactive Waste mangement conference, 1996. 
Chapter 1 
 
~ 38 ~ 
 
102. Santos, B.G., Noel, J.J. and Shoesmith, D.W.; The effect of pH on the anodic 
dissolution of simfuel (UO2). Journal of Electroanalytical chemistry, 2006. 586(1): p. 
1-11. 
103. Spitsyn, V.I., Nesmeyanova, G.M. and Alkhazashvili, G.A.; Catalytic effect of iron 
compounds in the oxidation of tetravalent uranium in acid media. Atomnaya Energiya, 
1961. 8(3): p. 233-235. 
104. Broczkowski, M.E.; The effects of Hydrogen and Temperatures on the 
Electrochemistry and Corrosion of Uranium Dioxide. 2008. University of Western 
Ontario, Canada. 
105. Broczkowski, M.E., Noel, J.J. and Shoesmith, D.W.; The influence of temperature on 
the anodic oxidation / dissolution of uranium dioxide. Electrochimica Acta, 2007. 
52(25): p. 7386-7395. 
106. Pablo, J., Casas, I., Giménez, J., Clarens, F., Duro, L. and Bruno, J.; The oxidative 
dissolution mechanism of uranium dioxide. The effect of pH and oxygen partial 
pressure. MRS Proceedings. 2003. 807(1). Cambridge Univ Press. 
107. Cera, E., Grive, M; Bruno, J. and Ollila, K.; Modelling of the UO2 dissolution 
mechanisms in synthetic groundwater solutions. Posiva, 2001. 
108. Roth, O., Bonnemark, T. and Jonsson, M.; The influence of particle size on the kinetics 
of UO2 oxidation in aqueous powder suspensions. Journal of Nuclear Materials, 2006. 
353(1): p. 75-79. 
109. S.J. Macnaughton, Ring, R.J., Day, A.; Collier, D.E., Tan, L.K.P.; Optimization of the 
leach conditions for a copper / uranium ore. in Proceedings of Sessions and Symposia 
held at the TMS annual meeting, Minerals, Metals and Materials Society, 1999. 
110. I.A.E.A.; Significance of Mineralogy in the development of flowsheets for processing 
uranium ores. Technical Reports196, 1980. Vienna. 
111. Abdelouas, A., Lutze, W. and Nuttall, H.E.; Oxidative dissolution of uraninite 
precipitated on Navajo sandstone. Journal of Contaminant Hydrology, 1999. 36(3): p. 
353-375. 
112. Kaufman, R.F., Eadie, G.G. and Russell, C.R.; Effects of Uranium Mining and Milling 
on ground water in the Grants Mineral belt, New Mexico. Ground Water, 1976. 14(5): 
p. 296-308. 
Chapter 1 
 
~ 39 ~ 
 
113. Laxen, P.A.; Dissolution of uranium dioxide as an electron transfer reaction. 
Symposium on the recovery of uranium from its ores and other sources,1971.  
114. Nesmeyanova, G.M. and Vikulov, A.I.; The effect of certain halogen compounds on 
the oxidation of UIV in a sulphate medium. Journal of Nuclear Energy Parts A/B, 1965. 
19: p. 63-68. 
115. Buchacek, R. and Gordon, G.; The kinetics and mechanism of the Oxidation-Reduction 
reaction between Uranium (IV) and Chlorine (III) in the presence of Phenol in Aqueous 
acid solution. Inorganic Chemistry, 1972. 11(9): p. 2154-2160. 
116. Cachoir, C., Lemmens, K., Van den Berghe, S. and Van Iseghem, P.; UO2 dissolution 
in Boom Clay conditons. Journal of Nuclear Materials, 2003. 321(1): p. 49-59. 
117. Posey-Dowty, J., Axtmann, E., Crerar, D. A., Borcsik, M. P., Ronk, A., and Woods, 
W.; Dissolution rate of uraninite and uranium roll-front ores. Economic geology, 
1987. 82(1): p. 184-194. 
118. Dyck, R., Taylor, R. and Boase, D.; Dissolution of (Th,U)O2 in Nitric Acid-
hydrofluoric Acid Solutions. 1977. Whiteshell Nuclear Research Establishment. 
119. Sunder, S. and Miller, N.; XPS and XRD studies of (Th,U)O2 fuel corrosion in water. 
Journal of Nuclear Materials, 2000. 279(1): p. 118-126. 
120. Heisbourg, G., Hubert, S., Dacheux, N. and Purans, J.; Kinetic and thermodynamic 
studies of the dissolution of thoria-urania solid solutions. Journal of Nuclear Materials, 
2004. 335(1): p. 5-13. 
121. Ring, R.J.; Leaching Characteristics of Australian Uranium ores. Australasian 
Institute of Mining and Metallurgy, 1979. 272: p. 13-23. 
122. Casas, I., de Pablo, J., Giménez, J., Torrero, M. E., Bruno, J., Cera, E., Finch, R.J. and 
Ewing, R.C.; The role of pe,pH, and carbonate on the solubility of UO2 and uraninite 
under nominally reducing conditions. Geochimica et Cosmochimica Acta, 1998. 
62(13): p. 2223-2231. 
123. Eary, L.E., Barnes, H.L. and Cathles, L.M.; Acidic Rate- and Flow-Controlled 
dissolution of uraninite ores. Mettalurgical Transactions B, 1986. 17(3): p.405-413. 
124. Bautista, R.G; Kinetics of dissolution and equilibrium in solution of Complex Ores. 
Mineral Processing and Extractive Metallurgy Review, 1995. 15(1-4): p. 13-22. 
Chapter 1 
 
~ 40 ~ 
 
125. Laxen, P.A.; A Kinetic Study of the dissolution of uraninites in sulphuric acid. in 
Recent Progress in Research in Chemical and Extraction Metallurgy. 1965. 
Australasian Institute of Mining and Metallurgy. 
126. Turos, A., Falcone, R., Drigo, A., Sambo, A., Nowicki, L., Madi, N., Jaielski, J. and 
Matzke, H.J.; Structural transformations in leached uranium dioxide. Nuclear 
Instruments and Methods in Physics research B, 1996. 118: p. 659-662. 
127. Gimenez, J., Baraj, E., Torrero, M.E., Casas, I. and De Pablo, J.; Effect of H2O2, 
NaClO and Fe on the dissolution of unirradiated UO2 in NaCl 5mol kg-1. Comparison 
with spent fuel dissolution experiments. Journal of Nuclear Materials, 1996. 238(1): p. 
64-69. 
128. Wang, R. and Katayama, Y.B.; Dissolution mechanisms for UO2 and spent fuel. 
Nuclear and Chemical Waste Management, 1982. 3(2): p. 83-90. 
129. Steward, S. and Gray, W.J.; Comparison of uranium dissolution rates from spent fuel 
and uranium dioxide (No. UCRL-JC-115355; CONF-940553-72).1994. Lawrence 
Livermore National Lab, CA (United States). 
130. Janeczek, J., Ewing, R.C., Oversby, V.M. and Werme, L.O.; Uraninite and UO2 in 
spent nuclear fuel: a comparison. Journal of Nuclear Materials, 1996. 238(1): p. 121-
130. 
131. Shoesmith, D.; Used fuel and uranium dioxide dissolution studies–a review. Nuclear 
Waste Management Organization Report NWMO-TR-2007-03, 2007. 
132. Jonsson, M., Nielsen, F., Roth, O., Ekeroth, E., Nilsson, S., and Hossain, M.M.; 
Radiation induced spent nuclear fuel dissolution under deep repository conditions. 
Environmental science & technology, 2007. 41(20): p. 7087-7093. 
133. Rondinella, V., Cobos, J. and Wiss, T.; α-Radiolysis and α-radiation Damage Effects 
on UO2 Dissolution under Spent Fuel Storage Conditions. MRS Proceedings. 1999. 
556: p.447.  
134. Finch, R.J., Buck, E.C., Finn, P.A. and Bates, J.K.; Oxidative corrosion of spent UO2 
fuel in vapor and dripping groundwater at 90ºC. in MRS Proceedings, 1999. 556: 
p.431-438. 
 
 
CHAPTER 2: 
 
Materials, Methods and 
Characterisation techniques 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
This chapter provides technical information on the materials and methods that were used in 
research presented in more than one of the proceeding chapters.    
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2.1. Materials 
 
The following chemicals were used as received: uranyl acetate, UO2(CH3COO)2·2H2O, 
(98%, BDH), sulphuric acid [H2SO4] (98% AR grade, Merck Ltd), ferric sulphate 
[Fe2(SO4)3·5H2O] (AnalaR, Chem-Supply Ltd), ferrous sulphate [FeSO4·7H2O] (AnalaR 
Chem-Supply Ltd), sodium chlorate [NaClO3] (99+%, Sigma-Aldrich), 1000 ppm uranium 
ICP-MS standard (AccuStandard), nitric acid [HNO3] (70% AR grade, Merck Ltd), 
hydrochloric acid [HCl] (37% AR grade, Merck Ltd), ferric chloride [FeCl3] (AR grade, 
Chem Supply), ferrous chloride [FeCl2] (AR grade, Chem Supply), ferric fluoride [FeF3] 
(AR grade, Aldrich Chemicals), ferrous fluoride [FeF2] (AR grade, Aldrich chemicals), 
ferric bromide [FeBr3] (AR grade, Alrich Chemicals), ferrous bromide [FeBr2] (AR grade, 
Aldrich Chemicals), ferrous oxide [FeO] (AR grade, Sigma-Aldirch), ferric oxide [Fe2O3] 
(AR grade, Merck Ltd), ferric nitrate [Fe(NO3)3.9H2O] (AR grade, Aldrich Chemicals), 
ferrous phosphate [Fe3(PO4)2.8H2O) (AR grade, BDH limited), ferric phosphate 
[FePO4.2H2O] (AR grade, Aldrich chemistry), sodium fluoride [NaF] (AnalaR, BDH 
limited), sodium chloride [NaCl] (AnalaR, Merck Ltd), sodium bromide [NaBr] (AnalaR, 
BDH limited), sodium phosphate [HNa2PO4.7H2O] (AnalaR, Sigma-Aldrich), sodium 
nitrate [NaNO3] (AnalaR, AJAX chemicals), sodium sulphate [NaSO4.10H2O] (AnalaR, 
Sigma-Aldrich), potassium thiocyanate [KSCN] (AnalaR, BDH limited), , lead sulphate 
[PbSO4] (AnalaR, Chem-Supply Ltd), thorium nitrate [Th(NO3)4.4H2O] (AnalaR, BDH 
limited).  
 
Three natural uraninite samples were provided by Museum Victoria (Melbourne, 
Australia). They were originally sourced from an unknown deposit in the 
Johangeorgenstadt region, Saxony, Germany, and the Palette and El Sharana mines both 
located in the South Alligator Rivers region, Northern Territory, Australia. These samples 
are hereafter referred to as USG (Saxony), UPA (Palette) and UEA (El Sharana) 
respectively. Milli-Q water was used to prepare all solutions.  
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2.2. Methods 
2.2.1. Preparation of synthetic UO2 
 
UO2 was prepared by initially heating uranyl acetate (UO2(CH3COO)2·2H2O) to 600°C 
for 5 hours in air to produce synthetic pitchblende (U3O8). U3O8 was then converted into 
UO2 via heating at 1000°C under a flow of Ar/H2 [95%/5%] for a period of 10 hours. 
Multiple batches of UO2 were produced and mixed thoroughly. The prepared combined 
batch of UO2 was then ground using a mortar and pestle and the <75 µm fraction was 
collected by dry sieving. This size fraction was used in all dissolution tests unless 
otherwise stated. A Lindberg Blue M programmable tube furnace was used for all heat 
treatments. 
2.2.2. Multi Acid digestion method 
 
The multi-acid digestion method used to determine the composition of U samples- 
involved the following: 
1. 0.050 g of the powdered sample was weighed out into a Teflon vessel.  
2. 4 mL of concentrated HCl was slowly added and the reaction left to subside.  
3. 2 mL of conc. HNO3 was then added and again the reaction was left to subside.  
4. 2 mL of conc. H2SO4 and 3 mL of conc. HF were then added.  
5. The Teflon vessel was the placed on an aluminium heating block present at 110°C 
and heated until incipient dryness. The temperature was raised to 160°C to bring the 
sample to complete dryness. A further 1 mL of conc. H2SO4 was then added and the 
sample re-heated at 160°C until complete dryness.  
6. 1 mL of conc. HNO3 and two drops of H2O2 were then added and the reaction was 
left to subside. Finally, 19 mL of 2% HNO3 was added into the vessel, which was 
then capped and placed in a drying oven at 110°C for 2 hours. 
The sample was then diluted and acidified for ICP-MS analysis.  
2.2.3. Dissolution Test Procedures  
 
Dissolution experiments were conducted under reflux conditions in a six-neck, 1L 
round-bottom flask. The solution was agitated using an overhead mechanical stirrer and 
monitored using pH and ORP probes (glass electrode and Silver / Silver Chloride 
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(Ag/AgCl) electrode respectively). The round-bottom flask was heated using a heating 
mantle which was controlled using an electronic temperature controller (Figure 2.1-2.2).  
 
The procedure used for dissolution tests was as follows:  
1. Required amounts of respective anions and / or cations being investigated were 
added to the reaction vessel. 500 mL of MilliQ water was then added into the 
reaction vessel. 
2. The solution was then heated to the required temperature and  the initial ORP was 
recorded   
3. Required amount of concentrated sulphuric acid was added 
4. Required amount of UO2 sample was added- time of sample addition designated as 
time 0. 
Slurry samples were collected at pre-determined time intervals. The collected samples 
were filtered through a 0.45 µm nylon filter. A 0.2 mL sample of the filtered solution was 
then diluted to 25 mL before being analysed by ICP-MS. Various w/w% concentrations of 
NaClO3 were used to maintain the ORP at a pre-determined level. (Note: Duplicate 
samples were collected at each time interval). After completions of the experiments, any 
solid residues remaining were filtered and washed in Milli-Q water before drying in an 
oven at 50°C for 24 hrs.  
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Figure 2.1: The setup used for all dissolution experiments. 
 
Figure 2.2: A closer perspective of the reaction vessel lid with all the attachments 
described. 
Mechanical Stirrer 
Reaction Vessel 
Temperature Controller 
Hanna Microprocessor pH meter 
Heating Mantle 
Condenser 
Stirring Rod 
Sampling Port 
Temperature 
probe Platinum Electrode 
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2.3. Characterisation and analytical methods 
 
2.3.1. Inductively Coupled Plasma-Mass Spectrometry (ICP-MS) 
 
ICP-MS is a multi-element technique that can be used to determine the concentrations 
of a number of elements in an aqueous solution. A schematic of the various components in 
an ICP-MS is shown in Figure 2.3. The plasma (temperature  ~10,000°C), ionizes the 
elements present in the droplets and generates a range of charged elemental species which 
are then passed through the ion lens and focussed into the mass spectrometer, which 
subsequently separates the ions by their mass-to charge ratio and are measured by the 
detector (Figure 2.3) [1]. The measured signal intensities are converted into concentrations 
proportional to the amount of the species present. The magnitude of the response signal 
and hence the calibration range is determined by the parameters that affect the production 
of ions. Thus the torch position, gas flow rate, solution composition, etc will affect the 
response. The high plasma temperature causes ionization of many elements, however some 
elements or molecules may be neutral, and others will be present as interfering species that 
may affect the measurement of the element. Typically, the upper calibration concentrations 
are around 10,000 ppb for major cations in natural waters and 100 ppb for everything else 
[2]. Uranium ions exist in the latter range (Figure 2.4).  
 
 
Figure 2.3: The components of a typical ICP-MS. 
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Figure 2.4: Approximate detection capabilities of the ELAN 6000 / 6100 quadrupole ICP-
MS [2]. 
  
        Uranium calibration standards from 0 to-1000 ppb were prepared in Milli-Q water 
using a 1000 ppm Uranium ICP-MS standard (AccuMeasure). Samples from dissolution 
tests were prepared for ICP-MS analysis by diluting with Milli-Q water (18 MΩ 
resistance) and adding concentrated nitric acid to ensure an overall nitric acid content of 
2%. An internal line terbium standard was used as a reference. An Agilent HP 7700 series 
ICP-MS 300 ShieldTorch system ICP-MS with auto-sampler was used to carry out the 
elemental analysis of aqueous samples from all dissolution and digestion tests. The 
calculated percentage error for uncertainty in all UO2 dissolution tests was ±2.64%.  
 
2.3.2. X-Ray Diffraction (XRD) 
 
X-ray diffraction (XRD) is an important analytical method to determine the crystal line 
structure of materials. X-ray diffraction is the primary technique used to identify uranium-
bearing phases and minerals. In the X-ray diffraction technique, electrons are emitted and 
accelerated onto a metal target to produce X-rays [3]. The resultant wavelengths of these 
X-rays are characteristic of that metal target. These X-rays are collimated and directed onto 
the sample. A detector converts the diffracted X-rays to a count rate [4]. When a focused 
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X-ray beam interacts with a crystal lattice, it undergoes interference and hence diffraction. 
X-ray powder diffraction uses a monochromatic X-ray beam and measures the intensity of 
this diffracted beam from a powdered sample as the detector moves to different 
predetermined angles (Figure 2.5). X-rays are diffracted differently by different crystalline 
materials, depending on atomic arrangement in the crystal lattice [5].  
Bragg Equation (Equation 2.1) must be satisfied for diffraction to occur which 
states that path difference between the incident and the diffracted beam must be equal to 
the integral multiple of the wavelength. The equation is written as:  2𝑑 sin𝜃 = 𝑛𝜆      (2.1) 
n= order of diffraction; 
d = space between the adjacent planes of atoms; 
θ = angles of incidence of the X-ray beam (Bragg angle); and 
λ = wavelength of X-rays.  
 
Figure 2.5: X-ray diffraction at atomic layers. 
 
Structural analysis uses X-rays of a known wavelength (typically Cu Kα,1.54 Å) to 
measure θ and thus determine the d spacing between crystal planes. The characteristic set 
of d-spacings generated in a typical X-ray scan provides a unique "fingerprint" of the 
crystalline material present in the sample [4]. When properly interpreted and by 
comparison with standard reference patterns such as the crystallographic databases 
available from the JCPDS files [5], XRD measurements provide "Fingerprint" 
identification of materials.  
 
Each sample was prepared for XRD analysis by crushing the whole rock samples using 
a mortar and pestle. Each powdered sample was evenly placed onto a glass flat plate within 
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a circular poly methyl methacrylate holder and covered by Kapton film. X-ray powder 
diffraction patterns were obtained on a Bruker D8 Advance diffractometer fitted with a 
copper tube (copper Kα radiation), an incident beam monochromator, and a scintillation 
detector. The diffractometer was operated at a voltage of 40 kV and current of 35 mA. 
Diffraction patterns were collected over the range 10-60° 2θ using a 1° fixed divergence 
slit, a step size of 0.015°, and counting times of 2.5 s per step (total pattern collection time 
of 138 mins per sample). The instrument was calibrated using quartz and corundum 
calibration standards prior to use. 
In-situ high temperature X-ray diffraction (HT-XRD) analysis was conducted on a 
Bruker D8 Advanced X-ray Diffractometer using a CuKα radiation source coupled with a 
HTK 2000 high temperature attachment. A 1o divergence slit was used to analyse between 
the 2θ range 10-90° with a step size of 0.020° and 2 s / step on a 60 s delay. All samples 
were analyzed initially at 50°C and 100°C and thereafter every 100°C up to and including 
1000°C. 
 
2.3.3. Environmental Scanning Electron Microscopy (ESEM) 
The ESEM is used to image heterogeneous and homogenous inorganic materials on 
nanometer (nm) to micrometre (µm) length scales, in order to provide structural 
information. It does so by producing a magnified image by using electrons as a source 
instead of light. A beam of accelerated electrons with the desired energy is thermionically 
emitted from an electron gun typically made with a tungsten or LaB6 filament cathode, 
which is directed towards the sample [6]. The beam travels through electromagnetic fields 
used as lenses, which focus the beam toward the sample.  Once the beam hits the sample, 
electrons and X-rays are ejected and detectors collect these characteristic X-rays, 
backscattered electrons, secondary electrons and other photons of various energies and 
convert them into a signal which produces the final image(s) (Figure 2.6). These signals 
obtained from specific emission volumes within the sample can be used to examine several 
characteristics of the sample including surface topography, grain orientation of the crystals, 
composition etc [7].  
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Figure 2.6: (a) Schematic of a typical ESEM and (b) the cascade amplification process [8]. 
 
Scanning electron microscopy was performed using an FEI Quanta FEG 400 
Environmental scanning electron microscope (ESEM) instrument equipped with a single 
Bruker XFlash® silicon drift detector for conducting energy dispersive X-ray spectroscopy 
(EDX) and Esprit v.1.9 analytical software. The ESEM was operated at an accelerating 
voltage of 25 kV, a probe current of ~1 nA and a vacuum of >5x10-5 Torr. 
 
2.3.4. Energy dispersive X-ray spectroscopy (EDS / EDX) 
 
Energy dispersive X-ray spectroscopy is an analytical technique used for the elemental 
analysis or chemical characterisation of a material. It is performed by measuring the energy 
and intensity distribution of the X-ray signal generated by a focused electron beam. X-ray 
photons from the sample pass through a thin window, which isolates the specimen chamber 
environment from the detector, a cooled reverse-bias Si (Li) crystal. Absorption of each 
individual X-ray photon leads to the ejection of a photoelectron which gives up most of its 
energy to the formation of electron-hole pairs (Figure 2.7) [9]. They in turn are swept away 
by the applied bias to form a charge pulse which is then converted into a voltage pulse by a 
charge-to-voltage converter (pre-amplifier). The signal is further amplified and shaped by a 
linear amplifier and finally passed to a computer X-ray analyser (CXA). The key to EDS is 
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the proportional relationship between each voltage pulse to the energy of incoming X-ray 
photon [7].  As the energy of the X-rays are characteristic of the element from which they 
were emitted, this allows the elemental composition of the specimen to be measured [6].  
 
 
Figure 2.7: Principles of Energy dispersive X-ray spectroscopy 
 
EDX analyses were performed on a FEI Nova NanoSEM instrument coupled with 
an EDX Si (Li) X-ray detector. The accelerating voltage and spot size was 30 kV and 3-5 
respectively, and the working distance was 5 mm. 
 
2.3.5. Electron probe micro analysis (EPMA) 
 
Unlike SEM, which records the scattered electrons for imaging purposes, the Electron 
probe microanalyzer, records the emitted X-rays and differentiates them according to 
wavelength with a Bragg spectrophotometer (Figure 2.8) [9]. This allows a thorough 
micro-structural and chemical characterisation of uranium bearing minerals. A quantitative 
analysis is made of a chemical element as the scanner picks up the distribution of the 
element. At the same time, an enlarged image may be displayed if the X-ray 
microspectrometer is part of a scanning electron microscopy system.   
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An electron microprobe uses a high-energy focused beam of electrons to generate X-
rays characteristic of the elements within a sample from volumes as small as 3 micrometers 
(3 x 10-6 m) across.  Low-energy thermionic electrons are produced from a tungsten 
filament and accelerated by a positively biased anode plate to 10-30 thousand electron 
volts (keV). The anode plate has a hole in its center which the electrons pass through, and 
are collimated and focused by a series of magnetic lenses and apertures. The X-rays 
resulting from the beam’s interaction with the sample are diffracted by analyzing crystals 
(Thallium acid phthalate 1011 [TAP, 2d=25.75 Å], Pentaerythritol 002 [PET, 2d=8.74 Å], 
Lithium fluoride 200 [LIF, 2d=4.03 Å]) and counted using gas-flow and sealed 
proportional detectors (Figure 2.9). Chemical composition is determined by comparing the 
intensity of X-rays from standards (known composition) with those from unknown 
materials and correcting for the effects of absorption and fluorescence in the sample.  
The electron microprobe is designed specifically for detecting and measuring 
characteristic X-rays. It uses an electron beam current from 10 to 200 nanoamps (nA), 
roughly 1000 times greater than that in a scanning-electron microscope (SEM) [10]. These 
higher beam currents produce more X-rays from the sample and improve both the 
detection limits and accuracy of the resulting analysis. Analysis locations are selected 
using a transmitted-light optical microscope, which allows positioning accurate to about 1 
micrometer. The resulting data yield quantitative chemical information in a textural 
context. Variations in chemical composition within a material, such as a mineral grain or 
metal, can be readily determined. The electron microprobe can quantitatively analyze 
elements from fluorine (Z=9) to uranium (Z=92) routinely at levels as low as 100 ppm 
[11].  
The individual methods for EPMA analysis conducted in this project are discussed in 
detail in subsequent chapters (section 5.2.2 and section 6.2.2).  
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Figure 2.8: Signals produced by the electron bombardment of a solid sample. 
 
Figure 2.9: Schematic of an electron microprobe analyser. 
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2.3.6. X-ray photoelectron spectroscopy (XPS) 
 
In X-ray photoelectron spectroscopy monochromatic soft X-rays (eg. AlKα or MgKα) 
irriadiate a sample resulting in the ejection of electrons. The electrons ejected are from 
core levels of the atom of the material probed. The identity of the elements present in a 
sample can be directly determined from the kinetic energies (binding energies) of the 
ejected photoelectrons which are characteristic of a particular element (Figure 2.10) [12].  
On a finer scale, XPS allows for the determination of the oxidation state of the elements 
present from small variations in the measured binding energies (Equation 2.2) and other 
structural effects [11]. Also the relative concentrations of the elements present can be 
determined from the measured photoelectron intensities. The energy of the photoelectrons 
leaving the sample is determined using a concentric hemispherical analyser and this gives a 
spectrum with a series of photoelectron peaks. The binding energy of the peaks are 
characteristic of each element. The peak areas can be used (with appropriate sensitivity 
factors) to determine the composition of the materials surface. Therefore the shape of each 
peak and the binding energy can be slightly altered by the chemical state of the emitting 
atom. 
  𝐾𝐸 = ℎ𝑣 − 𝐸𝐵 + 𝜑              (2.2) 
Where KE is the kinetic energy; hv is the photon energy from the X-ray source; φ is the 
spectrometer work function, and  EB (binding energy) is the unknown variable.  
In a solid material, the kinetic energies of the ejected photoelectrons coming from the 
bulk of the sample are too low that, in practice, XPS probes only the electrons coming 
from the top 1 to 5nm depending on the material, the energy of the photoelectrons of 
interest, and the angle between the sample and detector.  
 
XPS measurements were conducted on a Thermo Scientific K Alpha XPS instrument. 
Al Kα (1486.6 eV) X-ray source was used with constant analyser pass energy of 150 eV 
with a spot size of 55 µm. 40 sweeps at scan rates of 80 s were completed for each 
element. The powdered sample was pressed at 7 tonnes under vacuum for 5 minutes using 
a hydraulic press. This pressed sample was mounted for analysis using carbon tape. A low 
energy flood gun was used to remove charge build up on the sample surface. The binding 
energies were calibrated by fixing the C 1s binding peak to 285.0 eV. The reference book 
of standard spectra was used for identification and interpretation of XPS data [13].                                                      
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Figure 2.10: Schematic representing the ejection of photoelectrons from the sample 
 
2.3.7. Brunauer, Emmett and Teller Theory (BET) 
 
The BET analysis is typically used in order to determine the surface area and porosity of  
materials. The tendency of all solid surfaces to attract surrounding gas molecules gives rise 
to a process called gas sorption [14]. The determination of specific surface area by means 
of the BET theory is based upon the phenomenon of physical adsorption of gases on the 
external and internal surfaces of a porous material. The amount of adsorbed gas is 
dependent on its relative vapour pressure and is proportional to the total external and 
internal surface of the material [15]. Monitoring the gas sorption process enables us to gain 
information about the characteristics of solids such as surface area, porosity and pore size 
[14]. The specific surface area is usually calculated by using BET theory from the gas 
adsorption isotherm data (Equation 2.3-2.4). The model of BET theory is that the 
adsorptive starts to adsorb on the strong energy sites on the surface first, and then, as the 
pressure is increased, the adsorptive adsorbs on the next energy level sites. This BET 
theory for multi-layer adsorption is the expansion of Langmuir equation, which is for the 
mono layer adsorption. 
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𝑃
𝑣[�𝑃𝑜
𝑃
�−1] = 1𝐶𝑣𝑚 + 𝐶−1𝐶𝑣𝑚 × 𝑃𝑃𝑜                    (2.3) 
            𝑐 = 𝑒𝑥𝑝 �𝐸1−𝐸𝐿
𝑅𝑇
�                        (2.4) 
P and Po- equilibrium and the saturation pressure of adsorbates at the temperature of 
adsorption 
v- is the adsorbed gas quantity at the equilibrium pressure P 
vm- is the monolayer adsorbed quantity 
C- is the BET constant 
E1- is the heat of adsorption for the first layer 
EL- is that for the second and high layers and is equal to the heat of liquefaction 
Surface Area Analysis was conducted using a Micromeritics ASAP 2000 Micropore 
Analysis instrument. Samples were degassed at 250°C prior to analysis. 
 
2.3.8. Ultraviolet- visible spectrophotometry 
 
Colorimetric studies have been used on a variety of uranium bearing minerals and 
phases. They have also been used in the determination of oxidation states of various other 
elements such as Fe. Ultraviolet–visible spectroscopy or ultraviolet-visible 
spectrophotometry (UV-Vis or UV/Vis) refers to absorption spectroscopy or reflectance 
spectroscopy in the ultraviolet-visible spectral region. The absorption in the visible range is 
characteristic of the chemicals involved. In this region of the electromagnetic spectrum, 
molecules undergo electronic transitions to higher energy states. The ultraviolet region 
extends from 10 nm to 380 nm. The visible region extends from the near ultraviolet region 
(380 nm) to about 780 nm. The infrared region extends from about 780 nm to 300 µm 
(Figure 2.11). All spectrometers require (1) A source of continuous radiation over the 
wavelengths of interest; (2) a monochromator for selecting a narrow band of wavelengths 
from the broad spectrum, (3) a detector, or transducer, for converting radiant energy into 
electrical energy, and (4) a device to read out the response of the  detector [16] (Figure 
2.12). The sample may precede or follow the monochromators. The fraction of radiation 
absorbed by a solution of an absorbing analyte can be quantitatively related to its 
concentration using Beer’s Law (Equation 2.4-2.5). The Beer-Lambert law (or Beer's law) 
is the linear relationship between absorbance and concentration of an absorbing species. 
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 The general Beer-Lambert law is usually written as: 
𝐴 = 𝑎(𝜆) × 𝑏 × 𝑐           (2.4) 
Where A is the measured absorbance, a(λ) is a wavelength-dependent absorptivity 
coefficient, b is the path length, and c is the analyte concentration. When working in 
concentration units of molarity, the Beer-Lambert law is written as: 
𝐴 = Є × 𝑏 × 𝑐               (2.5) 
Where Є is the wavelength-dependent molar absorptivity coefficient with units of M-1 cm-1. 
 
Figure 2.11: Electromagnetic spectrum 
 
 
Figure 2.12: Schematic of a single beam UV-Vis spectrophotometer 
 
 
In the current work, UV-visible spectroscopy was primarily used in order to determine 
the FeIII ion concentration in various solution matrices using potassium Thiocyanate as the 
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colouring agent. In slightly acidic solution, FeIII ions form a deep-red colouration due to 
the formation of non-dissociated iron (III) thiocyanate complexes (Equation 2.6) [17, 18].  
𝐹𝑒(𝑎𝑞)3+ + 𝑆𝐶𝑁(𝑎𝑞)− ↔ 𝐹𝑒(𝑆𝐶𝑁)(𝑎𝑞)2+                      (2.6) 
Since FeIII ions selectively complexes with thiocyanate, this method was accurate in 
measuring the FeIII ion concentration in leach solutions, and using the known total Fe 
concentration to calculate FeII ion concentrations. The samples were prepared by diluting 1 
mL of sample with 2.5 mL of 10,000 ppm KSCN solution. Appropriate concentrations of 
standards ranging from 0-10 ppm were made initially to obtain a calibration range. The 
samples and standards were analysed using a Cary 60 UV-visible spectrophotometer 
(Agilent Technologies) at a wavelength of 459.0 cm-1. A quartz UV-Visible cuvette with 
0.2 cm path-length, in conjunction with a flow through quartz UV-Visible cell with 0.2 cm 
path-length, were used for all measurements. 
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CHAPTER 3: 
 
 Synthesis, characterisation and effect of 
standard parameters on synthetic 
uraninite dissolution 
                               
 
 
 
 
 
 
 
 
 
Synthetic UO2 was prepared to determine the influence of standard parameters on rate and 
percentage dissolution. The effects of standard parameters (residence time, initial U 
concentration, solution agitation, particle size, pH, temperature, iron concentration and 
oxidation-reduction potential) were studied under conditions similar to those encountered in 
tank based uranium ore processing plants.   By determining the influences of these parameters 
a set of optimal leaching conditions can be ascertained to improve uraninite leaching in 
industrial processing.  
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3.1. Introduction 
 
The majority of processes used worldwide to extract uranium from uranium bearing 
minerals such as UO2 involve an oxidation / acid dissolution step (with sulphuric acid being 
the predominant acid used [1-5]. Based on previous studies that have been conducted on UO2 
dissolution,  [1, 2],  it is widely accepted that the main reactions involved in the dissolution of 
UO2 in dilute sulphuric acid solution are (1) oxidation of  U(IV) to U(VI) by ferric ion (FeIII) to 
produce the UO22+ species (Equation 3.1) and; (2) the subsequent reaction of UO22+ with 
sulphuric acid to form sulphate complexes (Equation 3.2). 
+++ ↔ 222
3
2 2Fe +  UO 2Fe + UO  (3.1) 
-4
342
-2
4
2
2 )(SOUO 3SO + UO ↔
+  (3.2) 
   
During uranium processing, Fe containing minerals in the ore generally produce the Fe 
required for the oxidation of UO2 (an additional oxidant is also added to ensure a sufficient 
quantity of this Fe is present as FeIII). The rates of the aforementioned reactions involved in 
the dissolution of UO2 from uranium ores can be influenced by a number of factors. These 
include standard parameters, the concentration(s) of foreign ions in the leach slurry due to 
dissolution of gangue minerals, the distribution of the UO2 within the ore (liberation) and most 
importantly, the concentrations of FeIII and FeII and the ratio of FeIII: FeII which strongly 
influences the solution Oxidation Reduction Potential (ORP) [6-26]. The chemistry occurring 
in the dissolution processes used in the extraction of uranium from UO2 within ores is not very 
well understood however, is due to a combination of the complex stoichiometries of uranium 
containing ores, which in turn leads to the formation of complex slurry / solution matrices, and 
a lack of comprehensive fundamental studies having been conducted on UO2 dissolution under 
conditions similar to those frequently used / encountered in uranium minerals processing. 
      
The influence of standard parameters; such as temperature, [H2SO4], particle size, pH, 
initial U concentration, oxidant concentration and type, leaching time, solution agitation etc.; 
are a set of parameters that have been investigated previously [6, 7, 12, 14-21, 24, 25]. 
Broczkowski et al., investigated the anodic dissolution of UO2 at 60°C in 0.1 mol L-1 KCl and 
compared it to results previously obtained at 22°C. They found that both the oxidation of the 
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surface (to UIV/VO2+x) and the rate of anodic dissolution (as UVIO22+) leading to the formation 
of a UVIO3.yH2O deposit were accelerated at higher temperature [27, 28]. Casas et al., [14]; 
predicted that the corrosion rate of UO2 varies with pH over the range 2–5, but is independent 
of pH for more acidic conditions Celeda et al., also conducted tests to determine influence of 
temperature and acid on uranous-urano oxide. They found increasing dissolution rate with 
increasing temperature and noted only a slight change in dissolution rate below pH 2 [4]. Cera 
et al., conducted experiments comparing UO2 pellets with powder to determine the effect of 
surface / volume (S/V) ratio using saline solution as the solvent. As expected, the uranium 
concentrations in solution increase faster with increasing S/V ratio. The high S/V ratio (UO2 
powder experiments) leads to saturation effects in shorter contact times than in the 
experiments performed with UO2 pellets (lower S/V ratios) [29]. Roth et al., conducted studies 
on the particle size of UO2 (Dry sieved into four different size fractions ranges, <20 µm, 20 
µm – 41 µm, 41 µm –72 µm and >72 µm). The amount of suspended UO2 was varied between 
20 mg and 40 mg and the volume between 20 mL and 100 mL) and discovered increasing 
rates with reducing particle sizes due to increased surface to volume ratios [30]. 
 
     Of the various parameters that are known to influence the dissolution of UO2, the 
influences of the concentrations of FeIII and FeII and solution ORP, which is closely related to 
the FeIII: FeII ratio, are not completely understood as they have not been studied over a wide 
range of conditions (e.g. ORP- 380-565 mV, FeTOT- 8.4×10-4 -5.9×10-1 M). Although there 
have been numerous studies conducted on UO2 dissolution under conditions of relevance for 
the safety assessment of deep geological repositories for spent nuclear fuel [21, 31-36] there is 
still a lack of fundamental studies on the UO2 dissolution in terms of the leaching process. 
Two of the most comprehensive studies conducted on the influence of FeIII and FeII on UO2 
dissolution (under conditions of relevance to uranium minerals processing) were the studies 
conducted by Laxen and Nicol et al., [1, 2]. Laxen [2]; investigated the influence of [FeIII], 
[FeII] and the FeII: FeIII ratio on the dissolution of UO2 crystals (the influence of [FeIII] was 
investigated at three temperatures: 15, 25 and 35°C, the influence of [FeII] was investigated at 
35°C and the influence of the FeII: FeIII ratio was investigated at 35°C). Nicol et al., [1]; 
investigated the influence of FeII concentration on the dissolution of a sintered pellet of UO2 at 
three different concentrations of FeIII. The main findings from the aforementioned studies 
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(under the conditions and concentration ranges studied) were that the UO2 dissolution rate 
increases with an increase in [FeIII] and the FeIII: FeII ratio (ORP), whilst an increase in the 
[FeII] above a certain level leads to a decrease in the dissolution rate. However, recent findings 
reported by Lottering et al., [19]; on the effect of ORP on UO2 dissolution from three different 
ores showed an inconsistent dependence of the extent of UO2 dissolution on ORP illustrating 
the need for further studies on UO2 dissolution under conditions of interest in uranium 
minerals processing. 
 
The main aim of the research presented in this chapter was to gain a comprehensive 
understanding of the effects of the following parameters on the dissolution of synthetic UO2 
under conditions similar to those currently being used in some of the world’s largest tank 
based uranium ore processing plants. These included-  
- Residence Time; 
- Initial U concentration; 
- Solution agitation; 
- Particle size; 
- [H2SO4]  
- pH; 
- Temperature; 
- Iron ([FeIII],[FeII]); and 
- Oxidation reduction potential (ORP) 
 
The concentration ranges of UO2 and Fe, and the range of standard parameters 
investigated, were designed to be similar to those encountered / used in the dissolution of low-
grade uraninite bearing ores. By determining the influences of the aforementioned parameters 
on UO2 dissolution rates, improved information will be obtained for understanding uraninite 
leaching in the industrial processing of uranium bearing ore bodies.  
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3.2. Experimental  
3.2.1. Materials 
 
The following chemicals were used as received: uranyl acetate, UO2(CH3COO)2·2H2O, 
(98%, BDH), sulphuric acid [H2SO4] (98% AR grade, Merck Ltd), ferric sulphate 
[Fe2(SO4)3·5H2O] (Lab Reagent, Ajax Chemicals), ferrous sulphate [FeSO4·7H2O] (AnalaR 
Chem-Supply Ltd) , sodium chlorate [NaClO3] (99+%) (Sigma-Aldrich), 1000 ppm uranium 
ICP-MS standard (AccuStandard), nitric acid [HNO3] (70% AR grade) (Merck Ltd). Milli-Q 
water was used to prepare all solutions.  
3.2.2. Methods 
The following methods that were used to conduct the research presented in this chapter 
(preparation of synthetic UO2, dissolution test procedure, acid digestion test procedure, XRD 
analysis, ESEM analysis, XPS analysis, elemental mapping analysis and ICP-MS analysis) are 
given in Chapter 2. Note: The initial recorded ORP was maintained constant (±2 mV) 
throughout the duration of each individual experiment using appropriate concentrations of 
NaClO3. 
Results and Discussion 
3.3. Characterisation of synthetic UO2 
3.3.1. X-ray Diffraction (XRD) / High Temperature X-Ray Diffraction (HT-
XRD) 
 
X-ray diffraction analysis of the synthesised UO2 (using the method described in 2.2.1) 
demonstrated the presence of all the diffraction lines associated with synthetic UO2 (with 
major lines occurring at 28.4 2θ (1 1 1); 32.8 2θ (2 0 0); 47.2 2θ (2 2 0);  55.9 2θ (3 1 1); 58.6 
2θ (2 2 2);  68.9 2θ (4 0 0);  76.1 2θ (3 3 1); 78.4 2θ (4 2 0) and 87.6 2θ (4 2 2) (XRD library 
match- 75-0421)  (Figure 3.1).The minor peaks occurring at 27 2θ, 32 2θ, 45.2 2θ and 51 2θ 
were attributed to the presence of  UO3. Based on the relative intensities of the lines for UO2 
and UO3, the sample only contained trace levels of UO3.  
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Figure 3.1: X-ray diffraction of prepared synthetic UO2  
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Further studies were conducted in order to study the influence of temperature on the 
crystallinity of the prepared material. This involved analysing the sample using the method 
described in section 2.3.2., while heating under oxidising conditions. The results of these tests 
are illustrated in Figure 3.2.  The patterns obtained for the UO2 sample (Figure 3.2) showed 
diffraction lines occurring between 50°C and 300°C that corresponded to UO2. However at a 
temperature of 400°C, new diffraction lines occurred along with the lone diffraction line at 
28.5 2θ (1 1 1) at significantly reduced intensity, associated with the formation of an 
intermediate β-U3O7 phase (with major lines occurring at; 33.3 2θ; 47.8 2θ; 56.6 2θ; 58.8 2θ 
and 67.6 2θ) ((XRD library match- 42-1215). At 500°C the loss of the major diffraction line at 
28 2θ (1 1 1) suggested the formation of a new product with the presence of all diffraction 
lines associated with pitchblende (U3O8) (major diffraction lines occurring at 21.6 2θ; 26.4 2θ; 
34.3 2θ; 40.8 2θ; 43.9 2θ; 46.5 2θ; 51.8 2θ; 58.9 2θ; 65.8 2θ; and 68.2 2θ) (XRD library match 
8-0244). There were no subsequent changes in diffraction lines with increasing temperature up 
to 1000°C.  
 
The results obtained in the current study were in good agreement with Thein et al., [37]; 
Janeczek et al., [38]; Katz et al., [39]; and Gronvold et al., [40]; with the oxidation of UO2 to 
U3O8 following similar temperatures to those previously discussed.  Thein et al stated that 
upon heating in an oxidizing atmosphere above 650°C, all other uranium oxides (and many 
other uranium compounds) decompose or convert to U3O8  [37]. Janeczek et al., also stated 
that in the presence of air, the oxidation of UO2 leads to formation of UO2+x phases. Further 
oxidation produces the tetragonal phase designated as ß-U3O7 and finally the formation of 
orthorhombic U3O8 [38]. Katz et al., determined that in an oxidizing atmosphere, starting from 
300°C, UO2 can be oxidized to form U3O8  via the following reaction (Equation 3.3) [39]. 
 3𝑈𝑂2 + 𝑂2 → 𝑈3𝑂8(𝑏𝑒𝑡𝑤𝑒𝑒𝑛 300°𝐶 − 700°𝐶) (3.3) 
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Figure 3.2: HT- HT-XRD pattern of prepared synthetic UO2 with increasing temperatures, 50°C-1000°C, in oxidizing conditions 
(Blue-UO2; Pink- β-U3O7; & Red-U3O8) 
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3.3.2. Scanning Electron Microscopy (SEM / EDAX) 
 
Micro-structural properties of the prepared synthetic UO2 were studied using SEM imaging 
using the method described in Chapter 2 (section 2.3.3). The results obtained in Figure 3.3, 
indicated that the sample appeared coarse and textured with crystals of varying particle sizes 
occurring.  
 
 
Figure 3.3: SEM image of prepared UO2 at 1000°C under reducing conditions (≤75 μm size 
fraction). [Magnification of 800 ×] 
3.3.3. Elemental Mapping analysis 
 
The elemental mapping analysis was conducted in order to determine if any significant 
quantities of impurities existed in the samples that might not have been determined by XRD 
analysis. The results obtained in Figure 3.4 confirmed that the sample was highly 
homogenous, with uniform distributions of uranium and oxygen. The greater intensity of the 
uranium map was consistent with theoretical calculations of the U: O ratio in UO2 (88.15% U:  
11.85% O). 
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Figure 3.4: Elemental mapping analysis of prepared UO2 (Blue- OK and Green- UM) 
3.3.4. X-ray Photoelectron Spectroscopy (XPS)  
 
X-ray photoelectron spectroscopy analysis of the prepared synthetic UO2 was carried out in 
order to determine the oxidation state of the U in the sample. The core level XPS spectra 
showed the spin orbit pair of U4f 7/2 at 381.5 eV and U4f 5/2 at 392.2 eV, respectively. This 
value corresponds to the 4+ oxidation state of U which is consistent with literature [41, 42]. 
Therefore it was determined that the primary oxidation state of the synthesised UO2 was U4+ 
(Figure 3.5). 
        
Figure 3.5: Pure UO2 XPS core level spectra of U4f 7/2 and U4f 5/2 wherein circles, lines and 
bold lines represent raw data, fitted lines and line of best fit. 
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3.3.5. Elemental composition 
 
In order to determine the composition of the UO2 synthesized, a sample was digested using 
the acid digestion method described in section 2.2.2, and the solution obtained analysed for U 
by ICP-MS (Triplicate solutions of each sample were prepared and analysed). The results 
obtained from this analysis are presented in Table 3.1. The average stoichiometry of the 
prepared synthetic uraninite sample was UO2.05. Although this was higher than the 
stoichiometry predicted by theoretical calculations (stoichiometry of UO2.00, with 88.15% U 
and 11.85% O respectively), it was still considered as UO2 (the acceptable range of UO2+x, 
where x = 0.0-0.25 was classified by Finch et al., [32]). The negligible increase in 
stoichiometry was attributed to the experimental error during the digestion of the samples.  
Table 3.1: Percentage of Uranium and Oxygen in prepared synthetic UO2. 
 
U% O% #Formula 
 
87.79 ±2.64 12.21 ±2.64 UO2.06 
 
87.44 ±2.64 12.56 ±2.64 UO2.12 
 
88.27 ±2.64 11.73 ±2.64 UO1.98 
Avg 87.83 ±2.64 12.17 ±2.64 UO2.05 
 
Summary of characterisation studies-  
Prepared UO2 was characterised extensively using X-ray diffraction (XRD / HT-XRD), 
scanning electron microscopy (ESEM), elemental mapping analysis, X-ray photoelectron 
spectroscopy (XPS) and inductively coupled plasma mass spectroscopy (ICP-MS) to ascertain 
the composition and purity of the sample. It was concluded that the prepared sample was 
primarily UO2. The UO2 appeared to be coarse and textured with crystals of varying particle 
sizes occurring. The sample was also highly homogenous, with uniform distributions of 
uranium and oxygen. The primary oxidation state of the synthesised UO2 was determined to 
be U4+ and the average stoichiometry of the prepared synthetic uraninite sample was 
calculated to be UO2.05. The formula, UO2, is however used hereafter to represent the synthetic 
UO2 prepared. 
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3.4. Dissolution studies  
An initial test was conducted on the dissolution of synthetic UO2 under some conditions 
very similar to those currently used in ore processing [43]  in order to determine the 
differences and / or similarities in leachability of uraninite. These conditions which are given 
in Table 3.2 are hereafter referred to as standard test conditions. The results obtained in Figure 
3.6, showed that the dissolution occurred in two stages. A steady increasing rate with a 
percentage U dissolution of ~85%, was initially observed over a period of 90 mins, under the 
conditions studied. After 90 minutes, there was a signficant decrease in rate between a period 
of 90 mins and 360 mins,  with maximum U dissolved, achieved at 180 mins . Thererfore a 
leach residence time of 90 minutes was chosen for all future experiments for obtaining kinetic 
data. 
 
 
Table 3.2:  List of standard conditions 
Parameter Value 
[H2SO4] 15 g/L (0.15 M) 
Temperature 50°C 
Initial UIV 100 mg/L (4.20×10-4 M)  
Initial FeIII:UIV 4:1 
Initial FeIII* 93.8 mg/L (1.67×10-3 M) 
Initial FeII* 281.4 mg/L (5.00×10-3 M ) 
Total Fe 375.2 mg/L (6.7×10-3 M ) 
Initial ORP 460 mV 
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Figure 3.6: The dissolution of UO2 at 360 mins under standard conditions (Table 3.2) 
 
3.4.1. Effect of Initial U concentration on UO2 dissolution-  
 
A series of tests were conducted to investigate the influence of initial UO2 concentration on 
the dissolution rate using the same conditions as used in the standard test (Table 3.2), except 
for the U and Fe concentrations which were varied (Table 3.3). 
 
Table 3.3: Fe concentration [M] with changing Initial U concentration [M]. 
Initial U FeIII FeII Total Fe 
2.52 ×10-4 1.01 ×10-3 3.02 ×10-3 4.03 ×10-3 
3.36 ×10-4 1.34 ×10-3 4.03 ×10-3 5.38 ×10-3 
4.20 ×10-4 1.68 ×10-3 5.04 ×10-3 6.72 ×10-3 
5.04 ×10-4 2.02 ×10-3 6.05 ×10-3 8.07 ×10-3 
5.88 ×10-4  2.35 ×10-3 7.06 ×10-3 9.41 ×10-3 
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The results obtained in Figure 3.7, showed that increasing initial U concentration 
significantly increased both the rate and percentage dissolution of U over 90 minutes. There 
was an increase in dissolution from ~51 mg/L U dissolved with 60 mg/L (2.52 × 10-4 M) 
initial U, to ~120 mg/L U dissolved with 140 mg/L (5.88 × 10-4 M) initial U. Therefore it was 
concluded that the rate of uranium dissolution was directly proportional to the initial U 
concentration with a linear relationship observed (hence the kinetics of the dissolution reaction 
clearly were not zero order). The percentage ratio of uranium dissolved was plotted against the 
initial U concentration, and no relative change was observed in the percentage U dissolved 
(~85% in all cases) (Figure 3.8). For all future experiments an initial mass of 100 mg/L 
(4.20×10-4 M) of U was added as UO2. Note: It was assumed that the increasing total 
concentration of Fe was relative to the total concentration of U.  
 
 
Figure 3.7: U dissolved versus time for solutions containing varying initial U (60 mg/L 
(2.52×10-4 M) as U, ORP 460 mV; 80 mg/L (3.36×10-4 M) as U, ORP 460 mV; 100 mg/L 
(4.20×10-4 M) as U, ORP 460 mV; 120 mg/L (5.04×10-4 M) as U, ORP 460mV; and 140 mg/L 
(5.88×10-4 M) as U, ORP 460 mV). 
0
10
20
30
40
50
60
70
80
90
100
110
120
130
0 5 10 15 20 30 45 60 75 90
U
 c
on
ce
nt
ra
tio
n 
(m
g/
L
) 
Time (min) 
Chapter 3 
 
~ 74 ~ 
 
 
Figure 3.8: Percentage U dissolved versus time for solutions containing varying initial U (60 
mg/L U; 80 mg/L U; 100 mg/L U; 120 mg/L U; and 140 mg/L U). 
3.4.2. Effect of agitation on UO2 dissolution 
 
Four tests were conducted to investigate the effect of stirring speed on the rate and 
percentage dissolution of UO2. The stirring speeds used in these tests were 380 rpm, 435 rpm, 
500 rpm and 600 rpm. All other conditions were kept constant throughout the test (Table 3.4). 
Table 3.4: Conditions that were kept constant 
Parameter Value 
[H2SO4] 15 g/L (0.15 M) 
Temperature 50°C 
Initial UIV 100 mg/L (4.20×10-4 M)  
Initial FeIII:UIV 4:1 
Initial FeIII* 93.8 mg/L (1.67×10-3 M) 
Initial FeII* 281.4 mg/L (5.00×10-3 M ) 
Total Fe 375.2 mg/L (6.70×10-3 M ) 
Initial ORP 460 mV 
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The results obtained in Figure 3.9, confirmed that solution stirring speed had no notable 
effect on the rate and percentage dissolution of UO2 under the conditions studied. This is 
consistent with previous studies performed by Laxen who reported no effect with changing 
stirring speed between 200 rpm and 600 rpm [2]. Although solution stirring is ideal for proper 
mixing and homogeneity across the sample, this result indicates that the reaction between UO2 
and FeIII isn’t diffusion controlled, but rather, controlled by a chemical step [2].  For all future 
experiments a stirring speed of 435 rpm was used. 
 
Figure 3.9: Percentage U dissolved versus time for varying agitation speed (380 rpm, ORP 460 
mV; 435 rpm, ORP 460 mV; 500 rpm, ORP 460 mV; and 600 rpm, ORP 460 mV). 
 
3.4.3. Effect of particle Size on UO2 dissolution 
 
Four experiments were conducted to determine the effect of particle size on the dissolution 
of UO2. The four particle size ranges tested were – 200-100 µm, 100-75 µm, 75-20 µm and 
<20 µm. The different particle sizes were obtained by grinding the UO2 sample using a mortar 
and pestle and sieving the resultant powder to separate samples of varying particle size. All 
other conditions were kept constant throughout the experiments (Table 3.5).  
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Table 3.5: Test conditions that were kept constant with changing particle size. 
Parameter Value 
[H2SO4] 15 g/L (0.15 M) 
Temperature 50°C 
Initial UIV 100 mg/L (4.20×10-4 M) 
Initial FeIII:UIV 4:1 
Initial FeIII* 93.8 mg/L (1.67×10-3 M) 
Initial FeII* 281.4 mg/L (5.00×10-3 M ) 
Total Fe 375.2 mg/L (6.70×10-3 M ) 
Initial ORP 460 mV 
 
 
 
The results obtained in Figure 3.10, indicated that particle size had a moderate effect on the 
rate of UO2 dissolution under the conditions studied. An increase in dissolution to ~90% U 
dissolved was observed for a particle size of <20 μm, from ~80% U dissolved observed for a 
particle size of 200 - 100 μm over a period of 90 mins (Figure 3.10). These results were 
consistent with Roth et al., who observed that the experimental rate constants were inversely 
proportional to the particle size at constant activation energy (particle size fractions studied 
included <20 µm, 20 - 41 µm, 41 – 72 µm and >72 µm) [21]. Grandstaff, also noted that the 
variation in rate with respect to surface area was first order (T-23°C, ambient air, distilled 
water) [13]. S Cera et al., conducted experiments comparing UO2 pellets with powder to 
determine the effect of surface / volume (S/V) ratio using saline solution as the solvent  [29]. 
As expected, the uranium concentrations in solution increased faster with increasing S/V ratio 
similar to the results observed in the current study. The high S/V ratio (UO2 powder 
experiments) would lead to saturation effects in shorter contact times than in the experiments 
performed with UO2 pellets (lower S/V ratios). Since larger particles have a lower surface area 
to volume (S/V) ratio, the proportion of surface UIV ions available for reaction in larger 
particle size fractions would be lower than for smaller particle size fractions.  
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Figure 3.10: Percentage U dissolved versus time with varying particle size (200-100 µm, 100-
75 µm, 75-20 µm and <20 µm)  
3.4.4. Effect of H2SO4 concentration on UO2 dissolution 
 
A total of five experiments were conducted to determine the effect of [H2SO4] on the 
dissolution of UO2. Accordingly the [H2SO4] tested were 0.015 M, 0.05 M, 0.15 M, 0.30 M 
and 0.70 M. All other conditions were kept constant throughout the test (Table 3.6). 
Table 3.6: Test conditions that were kept constant whilst [H2SO4] was changed. 
Parameter Value 
[H2SO4] Varied 
Temperature 50°C 
Initial UIV 100 mg/L (4.20×10-4 M) 
Initial FeIII:UIV 4:1 
Initial FeIII* 93.8 mg/L (1.67×10-3 M) 
Initial FeII* 281.4 mg/L (5.00×10-3 M ) 
Total Fe 375.2 mg/L (6.70×10-3 M ) 
Initial ORP 460 mV 
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From the results obtained in Figure 3.11, it was observed that [H2SO4] had a insignificant 
effect on rate and percentage dissolution with a minimal negative influence observed at 0.70 
M [H2SO4]  under the concentration range studied. There was also no observable change in 
ORP with increasing [H2SO4]. The results are consistent with those observed by Mackay et 
al., who reported that the UO2 dissolution rate increased with increasing acid concentration to 
a limiting value above which the rate was independent of the acid concentration (3.5 g UO2 
pellets, 0-0.05 M [H2SO4], Temp 194°C- 273°C, oxygen partial pressure 0-900 psi) [20].  It is 
worth noting that the lowest H2SO4 concentration used, 0.015 M, was still in 15:1 excess of 
the uranium concentration, 0.1 g/L, added into the reaction and was conducted at a much 
lower temperature (50°C). Therefore although the results obtained arent an accurate 
representation of the effect of [H2SO4] it can be summarized that beyond a certain level, the 
amount of [H2SO4] does not play a role in the dissolution and instead facilitates formation of 
uranyl sulphate ions with the dissolved U6+ thereby shifting the reaction equilibrium.  
 
 
Figure 3.11: Percentage U dissolved versus time with varying  [H2SO4] (0.015 M ORP 460 
mV, 0.05 M ORP 460 mV, 0.15M ORP 460 mV, 0.30 M ORP 460 mV, 0.70 M ORP 460 
mV). 
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3.4.4. Effect of pH on UO2 dissolution 
 
A total of four experiments were conducted to determine the effect of pH on the dissolution 
kinetics of UO2. The four pH’s selected for testing  (pH= 0.15, pH= 1, pH= 1.5 and pH= 2) 
were based on typical leach operating conditions at Olympic dam [6, 43]. These were 
calculated based on varying concentrations of H+ added in the form of [H2SO4]. All other 
conditions were kept constant throughout the experiments (Table 3.7).  
Table 3.7:  Test conditions that were kept constant with changing pH. 
Parameter Value 
[H2SO4] Varied 
Temperature 50°C 
Initial UIV 100mg/L (4.20×10-4M)  
Initial FeIII:UIV 4:1 
Initial FeIII* 93.8ppm (1.67×10-3M) 
Initial FeII* 281.4ppm (5.00×10-3M ) 
Total Fe 375.2ppm (6.7×10-3M ) 
Initial ORP 460 mV 
 
From the results, it was observed that pH had a marginal effect on the rate and percentage 
dissolution with a decrease in U percentage dissolved from ~85% to ~82%, over 90 mins with 
an increase in pH from 0.15 to 2 (Figure 3.12). These results are in agreement with previous 
work by Casas et al., [44]; who predicted that the corrosion rate of UO2 varies with pH over 
the range 2–5, but is independent of pH for more acidic conditions. They attributed this to a 
change in surface coverage by the protonated complex, (UO3H)+. Nicol et al., [1]; also noted 
the effect was insignificant below pH = 3. Furthermore, BG Santos et al., [45]; also observed 
that a pH<2 leads to the formation of surface adsorbed hydrolyzed species of UV intermediates 
in acidic solution which was then converted to UVI. This was also noted by Celeda et al., who 
observed no significant change in dissolution rate below a pH = 2 , whilst above pH = 2 there 
was a rapid drop in the dissolution rates, due to the hydrolysis of ferric ions to polymerized 
products [4]. The pH was maintained at pH = 0.15 for all subsequent experiments.  
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Figure 3.12: Percentage U dissolved versus time with varying pH (pH-0.15, pH-1, pH-1.5 and 
pH-2) . 
3.4.5. Effect of temperature on UO2 dissolution 
 
Five experiments were conducted to test the effect of temperature on the dissolution of 
UO2. The temperatures chosen were 35°C, 50°C, 65°C, 80°C and 95°C. All other conditions 
were kept constant. The test conditions used are given in Table 3.8. 
Table 3.8: Test conditions held constant with changing temperature. 
Parameter Value 
[H2SO4] 15 g/L (0.15 M) 
Temperature Varied 
Initial UIV 100 mg/L (4.20×10-4 M)  
Initial FeIII:UIV 4:1 
Initial FeIII* 93.8 mg/L (1.67×10-3 M) 
Initial FeII* 281.4 mg/L (5.00×10-3 M ) 
Total Fe 375.2 mg/L (6.7×10-3 M ) 
Initial ORP Varied* 
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The increase in equilibrium oxidation reduction potential (ORP) at higher temperatures 
observed, was attributed to increasing cell potential caused by increasing absolute temperature 
observed in the Nernst equation below (Equation 3.4). 
Q
zF
RTEE cellcell ln−=
θ               (3.4) 
Ecell is the cell potential 
Eθcell is the standard cell potential at the temperature of interest 
R is the universal gas constant 
T is the absolute temperature 
F is the Faraday constant 
z is the number of moles of electrons transferred in the cell reaction 
Q is the reaction quotient 
 
The results presented in Figure 3.13, indicated that increasing temperature significantly 
increased the dissolution rate under the conditions studied, with an increase in percentage 
dissolution from 33% to 100% over 90 mins with an increase in temperature from 35°C to 
95°C. These results were consistent with the results obtained by Ring, who showed that 
leaching at higher temperatures achieved greater initial rates and final extractions of uraninite 
bearing ores [46]. Broczkowski et al., investigated the anodic dissolution of UO2 at 60°C in 
0.1 mol L-1 KCl and compared it to results previously obtained at 22°C. They found that both 
the oxidation of the surface (to UIV/VO2+x) and the rate of anodic dissolution (as UVIO22+) 
leading to the formation of a UVIO3.yH2O deposit were accelerated at higher temperature [27, 
28]. Analysis of the data obtained for the tests conducted at varying temperatures with respect 
to the kinetics of the dissolution process showed that the dissolution of UO2 most closely 
followed first order kinetics (Figure 3.14).  
The activation energy and Arrhenius parameter were also determined using the 
aforementioned data (Figure 3.15). The activation energy was calculated to be 15.2 kJ/ mol 
with an Arrhenius parameter of 53.6. The obtained activation energy is significantly lower 
than those observed in previous studies conducted on synthetic UO2 (pellets and powder) by 
Shabbir et al., (67 kJ/ mol) [47]; Ikeda et al., (79.5 kJ/ mol) [48]; and Taylor et al., (62 kJ/ 
mol) [49]. The variation in activation energy could be due to differences in acid used, with all 
three studies conducted in nitric acid, compared to the current study conducted using sulphuric 
acid. Taylor et al., [49]; conducted further experiments and suggested that at higher 
dissolution rates, abrupt changes in the slope led to experimental activation energies dropping 
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to the range of 8.4- 20.9 kJ/ mol. This is consistent with the discrepancy in activation energies 
observed with higher dissolution rates in the current study, and would explain the decrease in 
activation energies observed.  The results obtained indicate that the dissolution of UO2 occurs 
via a chemical step on the surface of the UO2 [2]. 
 
Figure 3.13: Percentage U dissolved versus time with varying temperature (35°C, ORP 440 
mV; 50°C, ORP 460 mV; 65°C, ORP 480 mV; 80°C, ORP 500 mV; and 95°C, ORP 520 mV). 
 
Figure 3.14: Plot of Ln[U]/[U0] vs. time (min) for varying temperatures (35°C- 95°C) 
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Figure 3.15: Plot of log (rate constant) vs. 1/ Temperature (K) with varying temperatures 
(35°C- 95°C) 
3.4.6. Effect of Fe (FeIII/II) and solution ORP on UO2 dissolution 
 
A number of dissolution tests were conducted to investigate the influence of [FeIII], [FeII], 
[Fe]TOT and solution ORP on UO2 dissolution using reaction conditions very similar to those 
encountered / used in commercial scale processing of uranium ores. The conditions used in 
these tests are given in Tables 3.9 and 3.10 respectively. The initial solution ORP for each test 
was maintained throughout by addition of 4% (w/w) NaClO3 solution. The initial UO2 slurry 
concentration used (100 mg/L as U) corresponds approximately to the UO2 concentration that 
would be expected in processing a uranium ore (using a ~55% solids slurry) containing 182 
ppm of UO2 (as U). Lottering et al., [19]; reported UO2 concentrations in commercial uranium 
ores from South Africa between 198.8 and 396.9 mg/L (as U). MacNaughton et al., stated that 
the predicted uranium content of the world’s largest single deposit of uranium located in South 
Australia  was 0.072% (as U3O8) which corresponds to a UO2 content of 291 mg/L (as U) 
(assuming a similar proportion of UO2 of all the uranium minerals present being very similar 
to that reported in higher grade ores from this deposit (~85-90%)) [6]. The other major 
reaction conditions used, reaction temperature (50°C) and acid concentration (15 g/L H2SO4), 
were very similar to the conditions used in processing some of the world largest uranium 
containing ore bodies [6, 46]. The surface area of the UO2 used in all tests was 73.8 m2 g, 
which was determined using the BET technique. 
y = -1833.6x + 3.9822 
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Table 3.9: Fe concentrations and ORPs studied. 
Test [FeIII] M* [FeII] M* FeIII:FeII [FeTOT] M* ORP (mV vs Ag/AgCl) 
1 8.4 ×10-4 - - 8.4 ×10-4 565 
2 1.7 ×10-3 - - 1.7 ×10-3 565 
3 3.4 ×10-3 - - 3.4 ×10-3 565 
4 5.9 ×10-3 - - 5.9 ×10-3 565 
5 8.4 ×10-4 8.4 ×10-4 50 : 50 1.7 ×10-3 530 
6 1.7 ×10-3 1.7 ×10-3 50 : 50 3.4 ×10-3 530 
7 3.4 ×10-3 3.4 ×10-3 50 : 50 6.7 ×10-3 530 
8 5.9 ×10-3 5.9 ×10-3 50 : 50 1.2 ×10-2 530 
9 8.4 ×10-4 1.7 ×10-3 33 : 66 2.5 ×10-3 495 
10 1.7 ×10-3 3.4 ×10-3 33 : 66 5.04 ×10-3 495 
11 3.4 ×10-3 6.7 ×10-3 33 : 66 1.01 ×10-2 495 
12 5.9 ×10-3 1.2 ×10-2 33 : 66 1.8 ×10-2 495 
13 8.4 ×10-4 2.5 ×10-3 25 : 75 3.4 ×10-3 460 
14 1.7 ×10-3 5.04 ×10-3 25 : 75 6.7 ×10-3 460 
15 3.4 ×10-3 1.01 ×10-2 25 : 75 1.3 ×10-2 460 
16 5.9 ×10-3 1.8 ×10-2 25 : 75 2.4 ×10-2 460 
17 8.4 ×10-4 1.6 ×10-2 5 : 95 1.7 ×10-2 420 
18 1.7 ×10-3 3.2 ×10-2 5 : 95 3.4 ×10-2 420 
19 3.4 ×10-3 6.4 ×10-2 5 : 95 6.7 ×10-2 420 
20 5.9 ×10-3 1.12 ×10-1 5 : 95 1.2 ×10-1 420 
21 8.4 ×10-4 8.3 ×10-2 1 : 99 8.4 ×10-2 380 
22 1.7 ×10-3 1.7 ×10-1 1 : 99 1.7 ×10-1 380 
23 3.4 ×10-3 3.3 ×10-1 1 : 99 3.4 ×10-1 380 
24 5.9 ×10-3 5.8 ×10-1 1 : 99 5.9 ×10-1 380 
25 1.1 ×10-4 3.2 ×10-4 25 : 75 4.2 ×10-4 460 
26 2.1 ×10-4 6.3 ×10-4 25 : 75 8.4 ×10-4 460 
27 8.4 ×10-4 2.5 ×10-3 25 : 75 3.4 ×10-3 460 
28 1.7 ×10-3 5.0 ×10-3 25 : 75 6.7 ×10-3 460 
29 2.5 ×10-3 7.66 ×10-3 25 : 75 1.01 ×10-2 460 
30 3.4 ×10-3 1.01 ×10-2 25 : 75 1.3 ×10-2 460 
31 4.2 ×10-3 1.3 ×10-2 25 : 75 1.7 ×10-2 460 
32 5.04 ×10-3 1.5 ×10-2 25 : 75 2.02 ×10-2 460 
33 5.9 ×10-3 1.8 ×10-2 25 : 75 2.4 ×10-2 460 
34 1.7 ×10-3 5.04 ×10-3 25 : 75 6.7 ×10-3 460 
35 5.04 ×10-3 5.04 ×10-3 50 : 50 1.01 ×10-2 530 
36 1.5 ×10-2 5.04 ×10-3 75 : 25 2.02 ×10-2 555 
37 4.5 ×10-2 5.04 ×10-3 90 : 10 5.04 ×10-2 580 
* Based on quantities of FeIII and FeII salts added at beginning of tests 
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Table 3.10: Conditions held constant for all dissolution tests. 
Parameter Values 
[H2SO4] 15 g/L (0.15 M) 
Particle size < 75 µm 
Initial UO2 100 mg/L; 4.2 ×10-4M 
Temperature 50°C 
3.4.6.1. UO2 dissolution kinetics 
 
Analysis of the data obtained for the dissolution tests conducted showed that UO2 
dissolution in all tests most closely followed first-order kinetics. The dissolution curves 
obtained for four of the tests conducted and the corresponding plots of ln [U]t/[U]0 vs. time are 
given in Figures 3.16 and 3.17 respectively. The observed first-order kinetics were in 
agreement with the studies of Mackay et al.,  [20]; where first order kinetics were observed for 
UO2 dissolution under the following conditions: [FeIII] = 0.009 - 0.143 M, 0.10 M H2SO4, 
15°C). Filippov et al., [5]; also reported first order kinetics for UO2 dissolution under the 
following conditions ([H2SO4] 0.25 M, [Fe] 0.009-0.8 M, Fe(III)/Fe(II) ratio 4-0, 1-0, 0-0.25).  
 
 
Figure 3.16: Percentage U dissolved vs. time for tests 1, 6, 18 and 22 (refer to Tables 3.9 and 
3.10 for test conditions). 
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Figure 3.17: Plot of Ln[U]/[U0] vs. time (min) for tests 1,6,18 and 22 (refer to Tables 3.9 and 
3.10 for test conditions). 
3.4.6.2. Effect of [Fe]TOT on UO2 dissolution under conditions of constant ORP 
(constant FeIII: FeII ratio)  
 
As stated earlier, [FeIII], [FeII] and solution ORP are very closely related, with solution 
ORP heavily relying on the [FeIII]: [FeII] ratio. Hence isolating the influence that [FeIII] or 
[FeII] have on UO2 dissolution from the influence of solution ORP is not possible, as changing 
either of these parameters will also lead to a change in solution ORP. From a uranium 
processing point of view, solution ORP is one of the most commonly used parameters that is 
used to control / monitor the uranium dissolution process, which is most likely due to a 
combination of the ease with which this can be done using an ORP probe (on-line 
determination of FeIII and FeII concentrations in complex slurry matrices is to the author’s  
best knowledge, not possible using current commercially available technology) and the 
significant influence that this parameter can have on uranium mineral dissolution [5, 19, 26]. 
Very few studies however have been reported in the open literature on the influence other 
parameters, such as the effect that [Fe]TOT  may have when solution ORP is kept constant, 
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particularly under conditions very similar to those used in uranium minerals processing. It was 
decided therefore to investigate the influence of [Fe]TOT on UO2 dissolution in acidic solution 
at six different ORPs (Tests 1-24, Table 3.9) (Figure 3.18.).   
 
As illustrated in Figure 3.18., there is an approximately linear dependence of the UO2 
dissolution rate on [Fe]TOT for each of the system ORPs tested. At ORPs of 565 mV, 530 mV, 
495 mV and 460 mV there was a very strong dependence of the dissolution rate on [Fe]TOT 
where only slight increases in [Fe]TOT led to significant increases in the rate of UO2 dissolution 
under the conditions used.  At an ORP of 420 mV and below however the dependency of the 
UO2 dissolution rate on [Fe]TOT was significantly lower.  The rapid change in the dependence 
of the UO2 dissolution rate on [Fe]TOT in the systems of varying ORP investigated is most 
clearly seen in Figure 3.20, which shows the relationship between the order of dependence of 
the dissolution reaction on Fe versus ORP (the values of the Fe orders having been  
determined from the plots shown in Figure 3.19.).     
 
 
Figure 3.18: Plot of  UO2 dissolution rate  vs total [Fe] (refer to Table 3.9 and 3.10 for reaction 
conditions). 
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Figure 3.19: Ln UO2 dissolution rate vs. Ln total Fe (refer to Table 3.9 and 3.10 for reaction 
conditions) 
 
 
Figure 3.20: Order of UO2 dissolution with respect to Fe vs. solution ORP. 
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Hence based on the results obtained for the reaction conditions used in this study ([UO2] = 
100 mg/L, T= 50°C, [H2SO4] = 15 g/L) it is clear that the dependence of the UO2 dissolution 
rate on [Fe]TOT is at a maximum for a solution with an ORP >420 and ≤460 mV (Figure 3.20). 
From the results presented in Figure 3.18-3.20, it can also be seen that a similar rate of UO2 
dissolution can be obtained for a system at lower ORP than another system, if sufficient [Fe] is 
added to the system at the  lower ORP, thus reflecting the importance of both ORP and [Fe] in 
UO2 dissolution.  
 
Based on the results obtained on the influence of total Fe at different ORPs that showed the 
order of dependence was at a maximum at an ORP of >420 - ~460 mV it was decided to 
investigate the influence of [Fe] on the UO2 dissolution rate over a wider [Fe] range at a 
solution ORP of 460 mV to determine if this dependence is linear over a wider range under the 
conditions used in this study (Tests 25-33, Table 3.9; Figure 3.21). As illustrated in Figure 
3.21, the dependence of the UO2 dissolution rate on [Fe] was essentially linear over the entire 
range studied at an ORP of 460 mV with only the data points obtained over the lower range of 
[Fe] tested not in good agreement with a linear dependence.   
 
 
Figure 3.21: UO2 dissolution rate vs. total Fe concentration for solutions at an ORP of 460 
mV. 
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The different dependency of the UO2 dissolution rate on [Fe] in the regions of higher and 
lower [Fe] observed for solutions at an ORP of 460 mV shows clearly that the relationship 
between the rate of dissolution and [Fe] is not the same in different concentration ranges of Fe 
even if the ORP (FeIII:FeII ratio) is identical. This finding is similar to the findings reported by 
Nicol et al., [1]; on UO2 dissolution where three distinct regions of dependency of the UO2 
dissolution rate on the [Fe(III)] and / or the [Fe(III)] and [Fe(II)] were reported. Nicol et al., 
reported that the different regions of dependency observed in their study were reliant on the 
magnitude of the [FeII] in solution. The authors postulated that increases in [Fe(II)] causes 
changes in the mixed potential (which becomes closer to the equilibrium potential of the 
Fe(III)/Fe(II) couple as [Fe(II)] is increased) which in turn causes a decrease in the UO2 
dissolution rate.  
 
Based on the findings of multiple regions of dependency of the UO2 dissolution rate on 
[Fe] at an ORP of 460 mV under the conditions used and the findings reported by Nicol et al., 
on the influence of [FeII] it was decided to investigate the specific influence of [FeII] under the 
conditions of interest in this study which are significantly different to the conditions that were 
used by Nicol et al. The most notable of these differences being the form of the UO2 used 
where the researchers, utilised a single sintered pellet (as opposed to the <75 µm UO2 powder 
used in this study).                
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3.4.6.3. Effect of [FeII] at constant [FeIII]  
 
Figures 3.22 and 3.23 illustrates the effect of [FeII] on the rate of UO2 dissolution at four 
different fixed FeIII concentrations. From the results presented it can be seen that very similar 
trends were observed at each of the fixed [FeIII] studied where at a lower [FeII]; [FeII] had a 
very minor effect on the rate of UO2 dissolution. These results are slightly similar to those 
reported by Nicol et al., for UO2 dissolution under significantly different reaction conditions 
(T= 25°C, [H2SO4] = 0.5 M (50 g/L), [FeIII] = 0.01–0.4 M, UO2 concentration not given, 
whilst the rate of dissolution was reported in terms of surface area of UO2 pellet used), where 
three distinct regions of dissolution rate dependency were observed. The two main differences 
between the trends observed in this study and those reported by Nicol et al., are:  
 
(1) Nicol et al., reported in their study a region at very low [FeII] where the dissolution of UO2 
was completely independent of the FeII concentration (the rate was reported to depend 
exclusively on the concentration of FeIII to the power of 0.73), whilst no similar region was 
observed in this study.  
 
(2) The results in Nicol et al., showed that the boundaries of the [FeII] ranges separating the 
different orders of dependency of the dissolution rate were very similar for the three different 
FeIII concentrations studied, whereas in this study these boundaries varied significantly for the 
different FeIII concentrations studied.        
 
Due to the multiple differences between the conditions used in this study with the conditions 
used in the study by Nicol et al., [1]; it is not possible to ascertain the main reason(s) for the 
aforementioned differences in results observed.     
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Figure 3.22: UO2 dissolution rate vs. [FeII] at four fixed [FeIII]. 
 
Figure 3.23: Log UO2 dissolution rate vs. [FeII] at four fixed FeIII concentrations. 
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3.4.6.4. Influence of [FeIII] under conditions of constant [FeII] 
 
The effect of increasing [FeIII] on the rate of UO2 dissolution, whilst keeping [FeII] 
constant was also investigated to determine the order of dependence on this particular variable 
under the conditions used in this study (Tests 34-37, Table 3.9). A linear increase in UO2 
dissolution rate was observed with increasing [FeIII] (Figure 3.24). The order of dependence of 
the UO2 dissolution rate on [FeIII] was determined to be 0.92 (Figure 3.25). The linear 
dependence of the dissolution rate on [FeIII] observed was slightly different to that reported by 
Laxen [2]  for the relationship between UO2 dissolution and [FeIII], where Laxen [2] reported 
UO2 dissolution rates varied as 1/[FeIII]2 ([H2SO4]-0.15 M, Temp 15°C, 25°C and 35°C) [50]. 
Contrary to Laxen, where no Fe(II) was added, the tests in this study were conducted at a 
constant [Fe(II)] (5.04×10-3 M). Furthermore an external oxidant (NaClO3) was used to 
maintain the ORP throughout the dissolution (Laxen did not report if ORP was maintained in 
the tests investigating the influence of FeIII) . This could explain the difference in the 
relationship between UO2 dissolution and FeIII observed in this study compared to that 
reported by Laxen  [2].          
 
Figure 3.24: Plot of UO2 dissolution rate versus [FeIII] at constant [FeII] (5.04×10-3 M). 
 
0
5
10
15
20
25
0 0.01 0.02 0.03 0.04 0.05
U
O
2 d
is
so
lu
tio
n 
ra
te
 (m
ol
/m
in
) 
FeIII [M] 
Chapter 3 
 
~ 94 ~ 
 
 
Figure 3.25: Plot of Ln of UO2 dissolution rate vs. Ln [FeIII] at constant [FeII] (5.04×10-3 M). 
 
3.5. Conclusions 
 
Synthetic UO2 was successfully synthesized. The prepared sample was characterised 
extensively using X-ray diffraction (XRD / HT-XRD), scanning electron microscopy (ESEM), 
elemental mapping analysis, X-ray photoelectron spectroscopy (XPS) and inductively coupled 
plasma mass spectroscopy (ICP-MS) to ascertain the composition and purity of the sample. It 
was concluded that the prepared sample was primarily UO2 with trace levels of UO3 occurring 
on the surface. The UO2 was textured and coarse, with the presence of crystals of varying 
particle sizes. The sample was also highly homogenous, with uniform distributions of uranium 
and oxygen. The primary oxidation state of the synthesised UO2 was determined to be U4+ and 
the average stoichiometry of the prepared synthetic uraninite sample was calculated to be 
UO2.05.  
 
Synthetic UO2 dissolution studies demonstrated ~85% U dissolved under standard 
operating conditions (refer to section 3.4). Initial U concentration, temperature, particle size 
and pH were found to influence the dissolution rate of UO2 whilst solution agitation and 
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[H2SO4] were found to have no effect on the dissolution rate. The dissolution of UO2 was 
found to most closely follow 1st order kinetics over the entire range of conditions studied 
(Acid– 0.15 M, Temp 50°C, U– 4.2×10-4 M, FeIII – 1.1×10-4 – 4.5×10-2 M; FeII – 3.2×10-4 – 
5.8×10-1 M; FeTOT – 4.2×10-4 – 5.9×10-1  M). The results suggested that the reaction occurred 
via an electro-chemical reaction mechanism.  
 
Investigations on the relationship between the UO2 dissolution rate and [Fe] at six different 
solution ORPs revealed a high dissolution rate dependency on [Fe] at higher ORPs (≥460 mV 
– 565 mV), whilst at lower ORPs (≤420), [Fe] had a lot lower influence on the UO2 
dissolution rate under the conditions used (Acid– 0.15 M, Temp– 50°C, U– 4.2×10-4 M, FeIII – 
8.4×10-4 – 5.9 ×10-3; FeII – 8.4×10-4– 5.8×10-1 M). The order of dependence was in the range 
of 0.44– 0.54.The dependence of the UO2 dissolution rate on [Fe] was essentially linear over a 
wide [Fe] range (FeIII – 1.1×10-4– 4.2 ×10-3; FeII – 3.2×10-4– 1.8×10-2 M, FeTOT –4.2× 10-4– 
2.4×10-2 M) at a solution ORP of 460 mV (only the data points obtained over the lower range 
of [Fe] tested were not in good agreement with a linear dependence). The effect of [FeII] on 
the rate of UO2 dissolution at four different fixed [FeIII] showed very similar trends at each of 
the fixed [FeIII] studied where at a lower [FeII]; [FeII] had a very minor effect on the rate of 
UO2 dissolution. Two distinct regions of dissolution rate dependency were observed. A linear 
increase in UO2 dissolution rate was observed with increasing [FeIII] (1.7 ×10-3– 4.5 ×10-2 M) 
at constant [FeII] (5.04×10-3 M). The order of dependence of the UO2 dissolution rate on [FeIII] 
under the conditions studied was determined to be 0.92. 
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CHAPTER 4: 
 
Effects of selected anions on the 
dissolution of synthetic uraninite 
(UO2) 
 
 
 
 
 
 
 
 
 
 
 
 
 
During the leaching of uranium from its ores, a number of gangue minerals are also 
leached which lead to a number of foreign ions being present in the leach slurry. In this 
chapter the effects of selected anions, that are typically found in uranium leach slurries, on 
the dissolution of synthetic UO2 was investigated. The anions studied included F-, Cl-, Br-, 
SO42-, PO43- and NO3- . A greater understanding of the effects of these anions will provide 
knowledge that will assist in improving the efficiency of the dissolution sub-stage used in 
uranium minerals processing. 
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4.1. Introduction 
 
As mentioned previously it is widely accepted that the dissolution of UO2 in acidic 
solution containing FeIII involves the oxidation of UO2 (by ferric ion) to produce soluble 
UO22+. UO22+ subsequently reacts with sulphuric acid / sulphate to form sulphate 
complexes [1, 2] according to the following reactions (Equation 4.1 and 4.2): 
 
𝑈𝑂2 + 2𝐹𝑒3+ ↔ 𝑈𝑂22+ + 2𝐹𝑒2+                               (4.1) 
𝑈𝑂2
2+ + 3𝑆𝑂42− ↔ 𝑈𝑂2(𝑆𝑂4)34−    (4.2) 
   
During uranium minerals processing, Fe containing minerals (typically hematite or 
magnetite) in the ore produce the ferric ion required, while in some cases a source of iron 
is added to the dissolution processing step. As mentioned earlier the slurries generated 
during tank based uranium minerals processing also contain gangue minerals which can 
release foreign species into the slurry upon reaction with acid (and or other species 
present). The types (and concentrations) of foreign ions that will be present in a uranium 
ore leach slurry are dependent on the mineralogy of the ore being processed. Some foreign 
ions that have been detected and / or postulated to be present in uranium ore slurries 
include fluoride (due to dissolution of minerals such as fluorite and florencite which 
according to MacNaughton et al., accounted for roughly 2 wt.% of uranium leach feed at 
the Olympic Dam ore [3, 4]); phosphate  (Lottering et al., reported the presence of uranyl 
phosphates and rare earth phosphates in Vaal river ore bodies [5]); sulfate [4]; nitrate [6] 
and chloride [4, 7]. The dissolution of gangue minerals can influence the dissolution of 
minerals such as UO2 via two main pathways; firstly, it leads to a reduction in the acid 
concentration of the slurry (which is a well-known and documented effect [8-11]); and 
secondly, the foreign ions released may influence the UO2 / UO22+ dissolution reactions.  
 
While there have been a number of studies published in the open literature on the 
influence of factors such as solution ORP, temperature and sulphuric acid concentration on 
UO2 dissolution [12-17], there have been very few studies on the influence of foreign ions 
on UO2 dissolution under conditions similar to those used in uranium minerals processing. 
Laxen conducted studies on the effect of Cl-, NO3- and SO42- on the dissolution of UO2 
single crystals at 35°C [2]. Laxen observed that at a concentration of 0.009 M Fe3+, an 
increase in dissolution rate from 0.04×10-2 to 0.12×10-2 (mgU) cm-2 min-1 was observed 
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when Cl- was added (to give a  concentration of 0.015 M Cl- (as NaCl)), and a dissolution 
rate of 0.045×10-2 (mgU) cm-2 min-1 with an addition of 0.015 M NO3- was observed.  
Therefore it was determined that NO3- did not result in an improved dissolution rate while 
Cl- had a positive influence on the rate.  The investigation on the influence of SO42- (added 
as Na2SO4) showed that a 0.1 M SO42- addition had a marked effect on uraninite 
dissolution. The sharp increase in rate with increase in SO42- was attributed to increasing 
concentrations of the highly effective complexes, FeSO4+ and particularly Fe(SO4)2-, in the 
electron exchange involved in UO2 dissolution. It was also surmised that at the [H+] at 
which these tests were conducted the concentration of ferric hydroxide complexes would 
be relatively low [2]. Spitsyn et al., conducted studies on the influence of sulphate addition 
(as Na2SO4) on UO2 dissolution under the following conditions; (1.5 g portion of UO2 in a 
Fe2(SO4)3 solution, pH= 2.3, T= 20°C and 70°C for 6 hrs), and observed an initial increase 
in the degree of oxidation of uranium with a 0.5-1.5 wt% addition. However upon reaching 
a SO42- ion concentration of 6.7% there was a substantial drop in the degree of oxidation. 
They proposed that this was due to either a change in the mobility of ions, the formation of 
iron complexes or formation of hydrolyzed compounds of FeIII [18].  Nesmeyanova et al.,  
investigated the influence of NaI, NaF, NaBr and NaCl on UO2 dissolution under the 
following conditions; (UO2-0.5 g, 0.2 M [H2SO4], T= 90°C, 0.01 g of halide salt) [19]. 
Nesmeyanova et al., reported the following influence of the halides they studied on 
uraninite dissolution (order of influence from highest to lowest) I- >F- >Br- >Cl-, based on 
the conditions used in their study. The increased uranium dissolution when F- ions were 
added, (15% under a nitrogen atmosphere and 31% under air)  was attributed to the 
oxidation of uranium by oxygen from the air and complexation between UIV and F- [19]. 
Other studies that have been conducted on the effect of anions on UO2 dissolution  under 
non-relevant conditions include Buchacek et al., [13]; and Cachoir et al., [20]. 
 
Although previous studies have been conducted on the effect of anions that are 
commonly liberated from gangue minerals during the dissolution process used in uranium 
minerals processing on uraninite dissolution there have been no detailed published studies 
on the effects of such anions under conditions currently used in uranium minerals 
processing in tank based setups. In this study the influence of a number of anions on UO2 
dissolution were investigated under similar conditions to those used in tank based leaching 
processes. The anions that were studied included  SO42-, PO43-, NO3-, F-, Cl- and Br-. All of 
these are typically found in uranium minerals processing slurries due to the dissolution of 
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gangue minerals such as sericite, chlorite, Fe-chlorate,  fluorite, florencite etc. [3, 21]. A 
greater understanding of the effects of these anions will provide knowledge that will assist 
in improving the efficiency of the dissolution sub-stage used in uranium minerals 
processing.  
4.2. Experimental  
4.2.1. Materials 
The following chemicals were used as received: uranyl acetate, UO2(CH3COO)2·2H2O, 
(98%, BDH), sulphuric acid [H2SO4] (98% AR grade, Merck Ltd), ferric sulphate 
[Fe2(SO4)3·5H2O] (Lab Reagent, Ajax Chemicals), ferrous sulphate [FeSO4·7H2O] 
(AnalaR Chem-Supply Ltd) , ferric chloride [FeCl3] (AR grade, Chem Supply), ferrous 
chloride [FeCl2] (AR grade, Chem Supply), ferric fluoride [FeF3] (AR grade, Aldrich 
Chemicals), ferrous fluoride [FeF2] (AR grade, Aldrich chemicals), ferric bromide [FeBr3] 
(AR grade, Alrich Chemicals), ferrous bromide [FeBr2] (AR grade, Aldrich Chemicals), 
ferrous oxide [FeO] (AR grade, Sigma-Aldirch), ferric oxide [Fe2O3] (AR grade, Merck 
Ltd), ferric nitrate nonahydrate [Fe(NO3)3.9H2O] (AR grade, Aldrich Chemicals), ferrous 
phosphate [Fe3(PO4)2.8H2O) (AR grade, B.D.H Laboratory chemical division), ferric 
phosphate [FePO4.2H2O] (AR grade, Aldrich chemistry), sodium fluoride [NaF] (AnalaR, 
BDH limited), sodium chloride (AnalaR, Merck Ltd), sodium bromide [NaBr] (AnalaR, 
BDH limited), sodium phosphate dibasic heptahydrate [HNa2PO4.7H2O] (AnalaR, Sigma-
Aldrich), sodium nitrate [NaNO3] (AnalaR, AJAX chemicals), sodium sulphate 
[NaSO4.10H2O] (AnalaR, Sigma-Aldrich), potassium thiocyanate [KSCN] (AnalaR, BDH 
laboratory supplies), sodium chlorate [NaClO3] (99+%) (Sigma-Aldrich), 1000 ppm 
uranium ICP-MS standard (AccuStandard), nitric acid [HNO3] (70% AR grade) (Merck 
Ltd). Milli-Q water was used to prepare all solutions. 
 
4.2.2. Methods 
 
The following methods that were used to conduct the research presented in this chapter 
(preparation of synthetic UO2, dissolution test procedure, XRD analysis and ICP-MS 
analysis) are given in Chapter 2. 
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Results and Discussion  
4.3. Effect of Fe counter ion on UO2 dissolution in dilute sulphuric 
acid solution  
The effect of several anions on UO2 dissolution was investigated by conducting 
dissolution experiments using Fe(III) salts with different counter ions as a source of ferric 
ion (where ferric ion is needed to oxidise UIV to UVI in order for dissolution of UO2 to 
occur, as discussed earlier). The following Fe(III) salts were studied: Fe(III)sulphate 
(Fe2(SO4)3), Fe(III)nitrate (Fe(NO3)3), Fe(III) phosphate (FePO4),  Fe(III) fluoride (FeF3), 
Fe(III) chloride (FeCl3), Fe(III) bromide (FeBr3), and Fe(III) oxide (Fe2O3). Fe(II) salts 
with the same counter ion were also used in the respective dissolution tests in order to 
obtain the required solution ORP. The ratio of FeIII/FeII used in all tests (Table 1) was 
based on previous findings which showed this ratio gave rise to a solution ORP of ~460 
mV (using Fe2(SO4)3/FeSO4 as the sources of iron) under similar conditions to those used 
in this study (acid concentration, total Fe, temperature). A solution ORP of ~460 mV is 
very similar to that used at the Olympic Dam uranium minerals processing operation [21]). 
The temperature and acid concentration used in the dissolution tests (Table 4.1) were also 
very similar to those used at the Olympic Dam uranium minerals processing operation 
([3]).   
Table 4.1: Conditions for tests on effect of Fe counter ion on UO2 dissolution. 
Parameter Value 
[H2SO4] 15 g/L (0.15 M) 
Temperature 50°C 
Initial UIV 100 mg/L (4.20×10-4 M) 
Initial FeIII:UIV 4:1 
Initial FeIII* 93.8 mg/L (1.67×10-3 M) 
Initial FeII* 281.4 mg/L (5.00×10-3 M ) 
Total Fe 375.2 mg/L (6.7×10-3 M ) 
Initial ORP Varied (See Figure 1) 
Note: Initial solution ORP was maintained throughout through the addition of sodium 
chlorate; *Initial Fe concentrations are based on amounts added at the beginning of each 
test. 
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The UO2 dissolution results obtained using different Fe salts as a source of Fe are 
presented in Figure 4.1. It can be seen that the rate of UO2 dissolution was highest when 
FePO4/ Fe3(PO4)2 and Fe(NO3)3/FeO salts, respectively, were used. The next highest rates 
of dissolution were observed when FeCl3/FeCl2, Fe2(SO4)3/FeSO4, Fe2O3/FeO and 
FeBr3/FeBr2 salts were used, respectively, with the dissolution rates obtained in these 
systems all being very similar. The UO2 dissolution rate observed when FeF3/FeF2 was 
used was significantly lower than the rates observed in all of the other systems tested.  
 
Figure 4.1: Uraninite dissolution obtained when different Fe salts were used as a source of 
Fe(III). Solution ORPs:  Fe2(SO4)3/FeSO4 (ORP 460 mV), FeF3/FeF2 (440 mV), 
FeCl3/FeCl2 (460 mV), FeBr3/FeBr2 (460 mV), Fe(NO3)3/FeO* (520 mV), FePO4/ 
Fe3(PO4)2  (550  mV) and Fe2O3/FeO (460mV)†  
*Fe(II) nitrate is very unstable and was replaced with FeIIO.  
† For test conducted using iron oxides an additional 180 minutes was allowed to pass 
before the addition of UO2 to ensure all FeO had dissolved]  
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The first factor considered in explaining why the aforementioned differences in UO2 
dissolution rate were observed were the differences in solution ORP observed at the 
beginning of the tests for some of the systems investigated, as solution ORP is known to 
have a significant effect on UO2 dissolution [[5, 15, 22]. (The differing affinities of the 
anions investigated for FeIII and UO22+ (Table 4.2) were also considered, however the 
trends could not be readily explained using these varying affinities). The solution ORPs 
obtained using the various Fe salts are given in Table 4.3 along with the corresponding 
FeIII and FeII concentrations which were determined using the method given in section 
2.3.8  (Note: the initial solution ORPs were maintained throughout all tests through the 
addition of sodium chlorate (NaClO3). (Note: FeIII/FeII concentrations could not be 
determined in tests using Fe fluorides as fluoride formed highly stable complexes with 
FeIII, which inhibited the formation of the Fe-SCN complexes).    From the data given in 
Table 4.3 it can be seen that solution ORP was significantly higher in the tests conducted 
using Fe(NO3)3/FeO and FePO4/ Fe3(PO4)2 salts, compared to the other systems 
investigated, and significantly lower in the FeF3/FeF2 system.  
Table 4.2: Stability constants at 25°C and 1 bar pressure for formation of FeIII and UO22+ 
complexes with anions investigated [23,24]. 
Reaction log k Reaction log k 
Fe3+ + F-  FeF2+ 6.2 UO2
2+ + F-  UO2F+  5.09 
Fe3+ + 2F-  FeF2+ 10.8 
UO22+ + 2F-  UO2F2  8.62 
Fe3+ + 3F-  FeF30 14.0 
UO22+ + 3F-  UO2F3-  10.9 
Fe3+ + Cl-  FeCl2+ 1.48 UO2
2+ + 4F-  UO2F42- 11.7 
Fe3+ + 2Cl-  FeCl2+ 2.13 
UO22+ + Cl-  UO2Cl-  0.17 
Fe3+ + 3Cl-  FeCl30 1.13 
UO22+ + 2Cl-  UO2Cl -1.1 
Fe3+ + Br-  FeBr2+ -0.2 UO2
2+ + Br-  UO2Br- -0.3 
Fe3+ + 2Br-  FeBr2+ -0.5 
UO22+ + SO42-  UO2SO4 3.15 
Fe3+ + SO42-  FeSO4+ 4.04 
UO22+ + 2SO42-  UO2(SO4)22- 4.14 
Fe3+ + 2SO42-  Fe(SO4)2- 5.38 
UO22+ + NO3-  UO2NO3+ -0.3* 
Fe3+ + HSO4-  FeHSO42+ 2.48 
UO22+ + PO43-  UO2PO4- 13.69 
Fe3+ + NO3-  FeNO3 -0.5 
UO22+ + HPO42-  UO2HPO4 7.71 
Fe3+ + HPO4  FeHPO4+ 8.30†   
Fe3++ H2PO4  FeH2PO42+ 3.47†   
†25°C at 0.5 bar pressure; *20°C at 1 bar pressure 
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Table 4.3: Concentrations of FeIII/FeII (M) and solution ORPs for the tests using the different Fe salts. 
 
Time Fe2(SO4)3/FeSO4 FeCl3/FeCl2 FeBr3/FeBr2 Fe(NO3)3/FeO FePO4/ Fe3(PO4)2   Fe2O3/FeO 
(min) (460 mV) (460 mV) (460 mV) (520 mV) (550 mV) (460 mV) 
 FeIII 
(×10-3M) 
FeII 
(×10-3M) 
FeIII 
(×10-3M) 
FeII 
(×10-3M) 
FeIII 
(×10-3M) 
FeII 
(×10-3M) 
FeIII 
(×10-3M) 
FeII 
(×10-3M) 
FeIII 
(×10-3M) 
FeII 
(×10-3M) 
FeIII 
(×10-3M) 
FeII 
(×10-3M) 
0 (Assumed 
concn based 
on amount 
added)  1.68 
 
5.04 1.68 5.04 1.68 5.04 1.68 5.04 1.68 5.04 1.68 5.04 
1 1.65 5.06 1.52 5.19 1.64 5.08 4.06 2.66 4.22 2.50 1.63 5.07 
45 1.69 5.02 1.48 5.24 1.66 5.05 5.71 1.00 5.11 1.61 1.71 5.00 
90 1.76 4.95 1.56 5.16 1.73 4.99 5.99 7.27 5.49 1.23 1.75 4.96 
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To determine if the higher UO2 dissolution rates obtained when Fe(NO3)3/FeO and FePO4/ 
Fe3(PO4)2 salts were used were due solely to the increased solution ORPs in these systems 
tests were conducted at initial ORPs very similar to those found in these systems using 
Fe2(SO4)3/FeSO4 as the source of Fe (this was achieved through the use of a higher FeIII: FeII 
ratio). The results of these tests are shown in Figures 4.2a and 4.2b respectively. From the 
results presented in Figure 4.2a it can be seen that the high dissolution rate observed for UO2 
when FePO4/ Fe3(PO4)2 was used, was not due solely to solution ORP as the rate of UO2 
dissolution when a similar ORP was used using Fe2(SO4)3/FeSO4 as a source of Fe was still 
significantly lower. Hence PO43- played a significant role in increasing the rate of dissolution 
of UO2. Based on the results presented in Figure 4.2b, NO3- also had a similar effect on the 
dissolution of UO2 as the increased rate of dissolution of UO2 when Fe(NO3)3/FeO was used 
was clearly not solely due to solution ORP.   
 
  
Figure 4.2a: Effect of FePO4/ Fe3(PO4)2 (550  mV) and Fe2(SO4)3/FeSO4 (565 mV) in 0.15 M 
[H2SO4]. Total Fe = 6.7×10-3 M. 
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Figure 4.2b: Effect of Fe(NO3)3/FeO (520 mV) and Fe2(SO4)3/FeSO4 (530 mV) in 0.15 M 
[H2SO4]. Total Fe = 6.7×10-3 M. 
 
The decreased rate observed when FeF3/FeF2 salts were used was also investigated based 
on the different (lower) solution ORP of this system compared to the other systems 
investigated. The results of these tests, which involved the same approach to that used to 
investigate the rates obtained when FePO4/ Fe3(PO4)2 and Fe(NO3)3/FeO were used (i.e. 
comparing the rate to that obtained using an Fe2(SO4)3/FeSO4 system of very similar solution 
ORP), are presented in Figure 4.3 (Note: It was extremely difficult to obtain a solution ORP of 
440 mV using Fe2(SO4)3/FeSO4, hence comparisons were made with systems at ORPs of 420 
mV and 460 mV respectively). Upon comparing the solution ORP tests at 460 mV and 420 
mV with the FeF3/FeF2 test (440 mV) it can be postulated that the decrease in rate was most 
likely due to the lower solution ORP in this system. 
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Figure 4.3: Effect of FeF3/FeF2 (440 mV) and Fe2(SO4)3/FeSO4 (420 mV) in 0.15 M [H2SO4]. 
Total = 6.7×10-3 M. 
4.4. Effect of concentration of several anions on UO2 dissolution in 
dilute sulphuric acid 
 
The effect of the anions discussed in the preceding section on UO2 dissolution was 
investigated further by studying the effect of varying the concentrations of these anions on 
UO2 dissolution whilst keeping the total Fe concentration constant. This was achieved using 
the respective sodium salts of the anions of interest. For ease of discussion the results obtained 
for the halide ions (F-, Cl- and Br-) and oxoanions (SO42-, NO3- and PO43-) are discussed 
separately.   
4.4.1. Effect of F-, Cl- and Br- concentration on UO2 dissolution 
 
The effect of F-, Cl- and Br- concentrations respectively on UO2 dissolution was 
investigated using four different ratios of halide to total Fe respectively. The corresponding 
halide concentrations used in these tests in M are given in Table 4.4. The other conditions used 
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for these tests are given in Table 4.5 (Note the corresponding Fe halide salts were used as the 
source of Fe in each test).  
Table 4.4: Concentrations of halides investigated (M). 
Halide : Fe F  as Na-F Cl as Na-Cl Br as Na-Br 
1 0 M 0 M 0 M 
2 5.26 ×10-3 M 5.04 ×10-3 M 5.01 ×10-3 M 
3 1.58 ×10-2 M 1.41 ×10-2 M 1.50 ×10-2 M 
4 2.63 ×10-2 M 2.54 ×10-2 M 2.50 ×10-2 M 
5 5.26 ×10-2 M 5.08 ×10-2 M 5.01 ×10-2 M 
*Background concentrations of halides (M) in tests with respective halides due to Fe halide 
salts used as source of Fe: 1.58×10-2 M (F- tests); 2.54 ×10-2 M (Cl- tests); 1.50×10-2 M (Br- 
tests). 
Table 4.5: Conditions for tests on effect of concentration of several anions 
Parameter Value 
[H2SO4] 15 g/L (0.15 M) 
Temperature 50°C 
Initial UIV 100 mg/L (4.20×10-4 M) 
Initial FeIII:UIV* 4:1 
Initial FeIII* 93.8 mg/L (1.67×10-3 M) 
Initial FeII* 281.4 mg/L (5.04×10-3 M) 
Total Fe 375.2 mg/L (6.70 ×10-3 M) 
Total F- as FeF3/FeF2 0.3 g/L (1.58×10-2 M) 
Total Cl- as FeCl3/FeCl2 0.9 g/L (2.54×10-2 M) 
Total Br- as FeBr3/FeBr2 1.2 g/L (1.50×10-2 M) 
ORP Varied  
* Based on quantities of FeIII and FeII salts added at beginning of tests 
 
The effects of varying the concentrations of the different halides on the dissolution of UO2 
are presented in Figures 4.4-4.6 (concentrations of the respective halides are given in Tables 
4.6- 4.8). At the highest addition of Cl- and Br-, it can be seen that Cl- had a minimal effect, 
Chapter 4 
 
~ 112 ~ 
 
whilst Br- had no effect on the rate of dissolution of UO2.  With regards to the influence of F-, 
it was seen that increasing F- increased the rate of UO2 dissolution. However this increase was 
clearly not due to solution ORP as this decreased with increasing F- concentration (refer to 
caption Figure 4.4).   
 
 
Figure 4.4:  Effect of varying F- concentration on UO2 dissolution. Initial solution ORP =  460 
mV (No added NaF), 440 mV (5.26 ×10-3 M/0.11 g added as NaF), 410 mV (1.58 ×10-2 
M/0.32 g added as NaF), 395 mV (2.63 ×10-2 M/0.53 g added as NaF) and 380 mV (5.26 ×10-2 
M/1.06 g added as NaF) in 0.15 M [H2SO4]. Background concentration of F- in all tests due to 
FeF3/FeF2 salts used as source of Fe = 1.58×10-2 M.  
 
Table 4.6: Concentration [M] of added NaF and Total [F-] in system. 
NaF added Total F- concentration in system* 
0 1.58×10-2 M 
5.26 ×10-3 M 2.10×10-2 M 
1.58 ×10-2 M 3.16×10-2 M 
2.63 ×10-2 M 4.21×10-2 M 
5.26 ×10-2 M 6.84×10-2 M 
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*Including F- from added FeF3/FeF2. 
 
 
Figure 4.5:  Effect of varying Cl- concentration on UO2 dissolution . Initial solution ORP =  
460 mV (No added NaCl), 460 mV (5.64 ×10-3 M/0.15 g added as NaCl), 455 mV (1.41 ×10-2 
M/0.44 g added as NaCl). 445 mV (2.54×10-2 M/0.74 g added as NaCl) and 435 mV (5.08 
×10-2 M/ 1.47 g added as NaCl) in 0.15 M [H2SO4]. Background concentration of Cl- in all 
tests due to FeCl3/FeCl2 salts used as source of Fe= 2.54×10-2 M.  
 
Table 4.7: Concentration [M] of added NaCl and Total [Cl-] in system. 
NaCl added Total Cl- concentration in system* 
0 2.54×10-2 M 
5.04 ×10-3 M 3.04×10-2 M 
1.41 ×10-2 M 3.95×10-2 M 
2.54 ×10-2 M 5.08×10-2 M 
5.08 ×10-2 M 7.62×10-2 M 
*Including Cl- from added FeCl3/FeCl2. 
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Figure 4.6:  Effect of varying Br- concentration on UO2 dissolution . Initial solution ORP = 
460 mV (No added NaBr), 460 mV (5.01 ×10-3 M/0.26 g added as NaBr), 460 mV (1.50 ×10-2 
M/0.78 g added as NaBr), 460 mV (2.50 ×10-2 M/1.30 g added as NaBr) and 455 mV (5.01 
×10-2 M/ 2.59 g as NaBr) in  0.15 M [H2SO4]. Background concentration of Br- in all tests due 
to FeBr3/FeBr2 salts used as source of Fe= 1.50×10-2 M.  
 
Table 4.8: Concentration [M] of added NaBr and Total [Br-] in system. 
NaBr added Total Br- concentration in system* 
0 1.50×10-2 M 
5.01 ×10-3 M 2.00×10-2 M 
1.50 ×10-2 M 3.00×10-2 M 
2.50 ×10-2 M 4.00×10-2 M 
5.01 ×10-2 M 6.51×10-2 M 
*Including Br- from added FeBr3/FeBr2 
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A comparison of the extent of UO2 dissolution in solutions containing different F- 
concentrations with that obtained using Fe2(SO4)3/FeSO4 as a source of Fe (and no added F-) at 
a solution ORP of 460 mV is shown in Figure 4.7. It can be seen that the extent of dissolution 
at 90 mins steadily increases with increasing addition of NaF, with the UO2 dissolution rate in 
the system containing 4.21 ×10-2 M total [F-] (system 5) surpassing the rate observed for the 
non F- containing Fe2(SO4)3/FeSO4 system (system 4)  even though the system containing 4.21 
×10-2 M total [F-] had a significantly lower ORP (395 mV versus 460 mV). It can also be seen 
that the extent of dissolution at 90 mins increases in the case of the 2.10 ×10-2 M total [F-]  test 
(system 2) compared to the 1.58 ×10-2 M total [F-]  test (system 1) (same background F- 
concentration) at the same ORP (440 mV). 
 
Figure 4.7:  Comparison of extent of dissolution at 90 mins for systems containing different 
amounts of total [F-] versus a system containing no [F-] (System 1- ORP 440 mV, System 2- 
ORP 440 mV, System 3- ORP 410 mV, System 4- ORP 460 mV, System 5- ORP 395 mV and 
System 6-ORP 380 mV) .   
 
The trends observed with increasing F- concentration were most likely due to (i) changes in 
the types of FeIII-F- complexes present at the different F- concentrations (and the subsequent 
differences in reactivity of these species) and / or (ii) F- influencing the equilibrium position of 
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reactions 4.1 and / or 4.2 through complexing UO22+, which in turn may lead to an increase in 
the rate of UO2 dissolution.  
𝑈𝑂2 + 2𝐹𝑒3+ ↔ 𝑈𝑂22+ + 2𝐹𝑒2+                               (4.1) 
𝑈𝑂2
2+ + 3𝑆𝑂42− ↔ 𝑈𝑂2(𝑆𝑂4)34−    (4.2) 
 
In aqueous solution containing Fe(III) and F- a number of different FeIII-F- complexes can 
form. Levanon et al., [25]; reported that Fe complexes containing from 1 to 6 F ligands are 
possible (see Figure 3, [25]), with the type and fractional concentration of the aforementioned 
complexes being dependent on the [total F-] / [total Fe] ratio (Equation 4.3). The fractional 
concentration of various [FeFn]3-n complexes versus free F- relationship produced by Levinson 
et al., (using derived equilibrium constants ([25]) are summarised in Table 4.9. Based on the 
results reported by Levinson et al., and the Fe(III) and F- concentrations used in this study 
(Fe(III) = 0.0067  M, [F-] = 0–2.65 M ) the fractional concentration (and type) of FeIII-F-
complexes would have been significantly different for the tests conducted on UO2 dissolution 
over the NaF concentration range studied. As stated earlier the different types / amounts of 
FeIII-F-complexes present in the UO2 systems with differing concentrations of F- may have 
contributed to the different UO2 dissolution rates observed. Hence if the aforementioned did 
contribute to the differences in rates observed at different F- concentrations then FeIII-F-
complexes with a lower number of F- ligands were not as reactive as FeIII-F-complexes with a 
higher number of F- ligands, based on the increased dissolution rates observed with increasing 
[F-].   
 
Table 4.9: Fractional concentration of F- complexes (based on results reported by Levanon et 
al., [18]) 
Free F- [M] [FeF]2+ [FeF2]+ [FeF3]  [FeF4]- [FeF5]2- [FeF6]3- 
10-5 0.55 0.22 0 0 0 0 
10-4 0.17 0.66 0.17 0 0 0 
10-2 0 0.05 0.45 0.45 0.05 0 
10-1 0 0 0.09 0.75 0.16 0 
1.0 0 0 0 0.24 0.52 0.24 
10.0 0 0 0 0 0.18 0.82 
     Where [FeFn]3-n stands for [Fe(H2O)6-nFn]3-n (and n=1 to 6)   (4.3) 
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Higher rates of dissolution due to FeIII-Fn complexes with a higher number of F- ligands is 
however not consistent with what would be expected from a theoretical perspective as the 
transfer of electrons from UO2 to FeFn complexes with a higher number of F-’s would not be 
favourable based on the crystal field theory which suggests that since F- is a monodentate 
ligand and consequently a weak electron donor, it can only contribute one donor electron for 
pairing with the metal ion (FeIII), and can not act as a bridge by donating electrons to another 
metal ion (UO2), to allow effective electron transfer between the FeIII and UO2. Therefore if 
the mode of electron transfer occurred through the SO42- (bidentate ligand), the increased UO2 
dissolution observed with increasing F- was most likely caused by the reaction between the 
excess F- and dissolved UO22+.  It is generally accepted that the dissolved UO22+ species reacts 
with the SO42- available in the system (sulphuric acid) to form uranyl sulphate species 
(Equation 4.4). However the excess F- could also form additional complexes with the 
dissolved UO22+, which could influence the equilibrium position by forming UO2F2 complexes 
(Equations 4.5-4.8) [26]. This may also affect the rate of UO2 dissolution. postulated 
 
     UO22+ + 3SO42- ↔ UO2(SO4)34-   (4.4) 
UO22+ + F- ↔ UO2F+      (4.5) 
UO22+ + 2F- ↔ UO2F2     (4.6) 
UO22+ + 3F- ↔ UO2F3-     (4.7) 
UO22+ + 4F- ↔ UO2F42-    (4.8) 
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4.4.1.1. Effect of H2SO4 concentration  
 
In order to investigate the effect of F- on UO2 dissolution further a test was conducted using 
a lower concentration of H2SO4 than used in previous tests as this was expected to lead to 
decreased competition for available F- via formation of the weakly dissociating acid HF. (The 
aforementioned is supported by the results reported in Levanon et al., [25]; where the 
equilibria of FeIII-F- complexes formation was dependent on solution pH). The results of the 
tests conducted using different acid concentrations with added F- and a test with no F- present 
are presented in Figure 4.8.  In the case of the tests with F- present UO2 dissolution was clearly 
faster in the solution with a lower acid concentration. The decrease in rate observed with 
increasing acid concentration was most likely due to either (i) a reduced amount of FeIII-F- 
species with a higher number of F- ligands being available and / or (ii) a decreased amount of 
free F- being available to complex the uranyl ion, which in turn may lead to an decrease in the 
UO2 dissolution rate as discussed earlier.  
    
 
Figure 4.8: Effect of FeF3/FeF2 at 0.15 M [H2SO4] (440 mV) and 0.05 M [H2SO4] (410 mV) 
(Background F- as source of Fe=1.51×10-2 M) compared to Fe2(SO4)3/FeSO4 at 0.15 M 
[H2SO4] (460 mV) (Background SO42- as source of Fe=1.45×10-2 M) 
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4.4.1.2. Effect of solution oxidation reduction potential on UO2 dissolution for solutions 
containing different concentrations of F-  
 
It is widely acknowledged that solution ORP plays a vital role in enhancing the dissolution 
of UO2 [3, 15, 22, 27]. As it is standard for uranium minerals processing operators to maintain 
solution ORP at a set value (and the solution ORPs used to investigate the effect of F- on UO2 
dissolution in the previous sections varied considerably) it was decided to investigate the 
influence of F- on UO2 dissolution in solutions of the same ORP. The ORP chosen for these 
tests was 460 mV as this was previously reported as an ideal solution ORP for dissolution of 
UO2 [3]. The solution ORPs in the aforementioned tests were obtained by adding the 
necessary quantity of NaClO3 solution. From the results presented in Figure 4.9, it can be seen 
that increasing F- concentration led to an increased rate of UO2 dissolution when the ORP of 
the test solutions was kept at 460 mV.  Furthermore upon comparing the rates of UO2 
dissolution in the solutions containing F- at 460 mV, to that obtained in a solution without F- at 
460 mV it can be seen that the UO2 dissolution rate was significantly higher in solutions 
containing ≥0.3 g/L added NaF. 
  
Figure 4.9: Effect of varying NaF concentration on UO2 dissolution. Initial solution ORP =  
460 mV (0- 5.26×10-2 M as NaF). Background concentration of SO42- in all tests due to 
Fe2(SO4)3/FeSO4 salts used as source of Fe = 1.45×10-2 M. 
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4.4.2. Effect of concentration of oxo-anions (SO42-, NO3-, PO43-) on UO2 
dissolution 
 
The concentration ranges of the oxo-anions that were investigated were selected based on 
typical concentrations that have been reported in uranium ore tailings: SO42- (5.21×10-2-
5.21×10-1 M ), NO3- (8.06×10-2-8.06×10-1 M ) and PO43-  (5.26×10-2-5.26×10-1 M) [7, 28-32]. 
The concentrations of the aforementioned anions were investigated by adding their respective 
sodium salts. Other conditions used for these tests are given in Table 4.10.  
  
Table 4.10: Conditions that were kept constant 
Parameter Values 
[H2SO4] 15 g/L (0.15 M) 
Temperature 50°C 
Initial UIV 100 mg/L (4.20×10-4 M) 
Initial FeIII:UIV 4:1 
Initial FeIII* 93.8 mg/L (1.70×10-3 M) 
Initial FeII* 281.4 mg/L (5.00×10-3 M) 
Total Fe 375.2 mg/L (6.70 ×10-3 M) 
Total SO42- as Fe2(SO4)3/FeSO44 1.4 g/L (1.45×10-2 M) 
Total NO3- as Fe(NO3)3/FeO † 0.6 g/L (9.68×10-3 M) 
Total PO43- as FePO4/ Fe3(PO4)2 0.8 g/L (8.42×10-3 M) 
ORP Varied  
† Fe(II) nitrate is very unstable therefore this was replaced with FeIIO 
* Based on FeIII and FeII salts added at beginning of tests 
 
From the results presented in Figure 4.10 (concentrations of the SO42- given in Table 4.11), 
it can be seen that the addition of SO42-, had a notable effect on the dissolution of UO2. A 
5.21×10-2 M SO42- addition caused a drop in the dissolution of UO2 from ~86% to ~65% after 
90 mins whilst a 5.21×10-1 M SO42- addition decreased the dissolution further to ~22% after 90 
mins. The aforementioned trend observed for increasing SO42- concentration was in contrast to 
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that reported by Laxen [2], where a significant increase in UO2 dissolution was observed when 
SO42- concentration was increased from 0 to 0.1 M under the following test conditions: T= 
35°C, 0.06 M Fe3+ and 0.1 M [H+]. The conditions used in the aforementioned study were 
however very different to those used here. The most significant differences being that in the 
study by Laxen [10] sulphuric acid was not used, and Fe2(SO4)3/FeSO4 was not used as a 
source of Fe, hence the background SO42- concentration in this study was significantly 
different to that used in Laxen’s study (0 M versus 0.17 M). The decrease in dissolution of 
UO2 observed in this study with increasing SO42- was most likely caused by the significant 
decrease in solution ORP that occurred with increasing SO42- (solution ORP dropped from 460 
mv to 380 mV with a 5.21×10-1 M SO42- addition). The drop in solution ORP was most likely 
caused by decreased Fe(III) in solution and / or a change in the Fe(III) species in solution (a 
change that resulted in the formation of Fe(III) species with a lower oxidising strength). Based 
on the assumption that the influence of added SO42- was most likely the latter, since an 
increase in FeIII concentration from 1.70×10-3 M to 2.27×10-3 M was calculated with 5.21×10-1 
M SO42- addition (Table 4.8), the presence of excess SO42- most likely led to more FeIII-SO42- 
complexes forming and the electron exchange between FeIII with a high number of SO42- 
ligands is significantly lower than that of the FeIII without excess SO42-.  
Laxen [2];  noted that for electron transfer between the FeIII and UO2 , the effective 
complexes, FeSO4+ and Fe(SO4)2-, are ideal. In the original test with no added SO42- and Fe in 
the form of Fe2(SO4)3/FeSO4, the rate and % dissolution of UO2 can be attributed to the 
formation of these effective complexes. Reynolds and Fukushima, listed the following ferric 
complexes (Equation 4.8- 4.10) and their relative rate constants [33] and determined that the 
Fe-SO42- pathway is optimal for transfer of electrons.  
 
Path (1) FeSO4+-Fe2+  k= 693 litre mol-1s-1   (4.8) 
Path (2) Fe(SO4)2- - Fe2+ k= 1.94 × 104 litre mol-1s-1  (4.9) 
Path (3) FeOH2+- FeSO4 k= 1.3 × 106 litre mol-1s-1  (4.10) 
 
 
However Laxen, also reported that the barriers affecting the electron transfer in dissolution 
of UO2 are the same barriers that affect the exchange of electrons in the FeIII-FeII (Solution 
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ORP). With the addition of excess SO42-, since there is most likely sufficient SO42- available in 
solution from both the [H2SO4] and the FeIII/II-SO4 added originally, the SO42- reaches a 
critical concentration thereby changing solution chemistry, which in turn prevents and / or 
slows down the formation of the aforementioned effective FeIII complexes, by forming other 
less reactive FeIII-SO42- complexes in solution (such less reactive complexes would most likely 
include FeOH2+, FeHSO42+, Fe2(SO4)2+, (Fe2SO4)3+ and Fe2(SO4)(OH)+2 species).  This leads 
to less FeIII de-sorping onto the active sites on the surface of the UO2 and inhibits the electron 
exchange reaction   leading to a decrease in solution ORP. This suggests that the addition of 
SO42- is inversely proportional to the ORP and from previous literature [3, 15, 22, 27] the rate 
and % dissolution of UO2 are directly related to the solution ORP.  
 
 To overcome the negative influence of solution ORP caused by excess SO42- addition, the  
5.21×10-1 M SO42- addition test was re-done with the solution ORP manually increased to 470 
mV using NaClO3 solution to determine if an increase in FeIII in solution and  therefore change 
in the FeIII to SO42- ratio leads to increased rate and % dissolution of UO2. The increased rate 
(Figure 4.11) suggests that excess FeIII in solution, caused by increase in ORP, increases the 
amount of FeIII to SO42- in the system thereby increasing the ratio. This increase leads to the 
formation of more effective complexes for electron exchange and is therefore essential in 
order to overcome the negative effect of excess SO42-. The calculated FeIII and FeII are shown 
in Table 4.12. 
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Figure 4.10: Effect of varying SO42-concentration on UO2 dissolution. Initial solution ORP =  
460 mV (No added Na2SO4), 440 mV (5.21×10-2 M/8.39 g added as Na2SO4), 420 mV 
(1.56×10-1 M/25.17 g added as Na2SO4), 400 mV (2.61×10-1 M/41.95 g as Na2SO4) and 380 
mV (5.21×10-1 M/83.91 g added as Na2SO4) in 0.15 M [H2SO4]. Background concentration of 
SO42- in all tests due to Fe2(SO4)3/FeSO4 salts used as source of Fe = 1.45×10-2 M. 
 
Table 4.11:Concentration [M] of added Na2SO4 and Total [SO42-] in system. 
Na2SO4 added Total SO42- concentration in system* 
0 1.46×10-2 M 
5.21 ×10-2 M 6.67×10-2 M 
1.56 ×10-1 M 1.71×10-1 M 
2.61 ×10-1 M 2.76×10-1 M 
5.21 ×10-1 M 5.36×10-1 M 
*Including SO42- from added Fe2(SO4)3/FeSO4 salts 
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Figure 4.11: Effect of SO42- (5.21×10-1 M/ 83.91 g added as Na2SO4) addition before and after 
manual increase in ORP. Background concentration of SO42- in all tests due to 
Fe2(SO4)3/FeSO4 salts used as source of Fe 1.45×10-2 M. 
 
Table 4.12: Fe concentrations (M) in SO42- (5.21×10-1 M) addition test before and after manual 
increase of ORP. Background concentration of SO42- in all tests due to Fe2(SO4)3/FeSO4 salts 
used as source of Fe 1.45×10-2 M. 
 
SO42- 
No added ORP 460 mV 
SO42-  
5.21×10-1 M ORP 380 mV 
SO42- 
5.21×10-1 M ORP 470 mV 
Time 
(min) 
FeIII 
(×10-3M) 
FeII 
(×10-3M) % U dissolved at 90 mins 
FeIII 
(×10-3M) 
FeII 
(×10-3M) % U dissolved at 90 mins 
FeIII 
(×10-3M) 
FeII 
(×10-3M) % U dissolved at 90 mins 
0 1.65 5.06 1.3 2.39 4.33 0.4 4.05 2.67 1.7 
45 1.69 5.02 64.1 2.26 4.46 14.2 3.99 2.73 58.6 
90 1.76 4.95 85.4 2.28 4.44 21.4 4.08 2.64 77.4 
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With the addition of NO3-, figure 4.12 (concentrations of the NO3- given in Table 13), a 
gradual increase in dissolution rate (from ~100% dissolved at 90 mins to ~100% dissolved in 
30 mins) was observed with increasing NO3- addition from 8.06×10-2 to 8.06×10-1 M. It is 
commonly known that NO3- is highly oxidising. This is further observed in the jump in ORP 
from 470 mV to 750 mV with increasing NO3- addition. Therefore increasing NO3- enhances 
UO2 dissolution by oxidising the FeII in the system to FeIII, making more available for reaction 
with the UO2. The excess NO3- could also form  additional complexes with the solubilised 
UO22+ to form uranyl nitrate complexes [34].  
 
 
Figure 4.12:  Effect of varying NO3- concentration on UO2 dissolution. Initial solution ORP =  
460 mV (No added NaNO3), 565 mV (8.06×10-2 M/3.83 g added as NaNO3), 620 mV 
(2.42×10-1 M/11.49 g added as NaNO3), 690 mV (4.03×10-1 M/19.15 g added as NaNO3) and 
750 mV (8.06×10-1 M/38.30 g added as NaNO3) in 0.15 M [H2SO4]. Background 
concentration of NO3- in all tests due to Fe(NO3)3/FeO salts used as source of Fe = 9.68×10-3 
M. 
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Table 4.13: Concentration [M] of added NaNO3 and Total [NO3-] in system. 
NaNO3 added Total NO3- concentration in system* 
0 9.68×10-3 M 
8.06 ×10-2 M 9.03×10-2 M 
2.42 ×10-1 M 2.52×10-1 M 
4.03 ×10-1 M 4.13×10-1 M 
8.06 ×10-1 M 8.16×10-1 M 
*Including NO3- from added Fe(NO3)3/FeO. 
 
From figure 4.13 (concentrations of the PO43- given in Table 4.14), it can be seen that PO43- 
had a significant influence on the dissolution of UO2. A 5.26×10-2 M addition of PO43- addition 
caused a significant drop in UO2 dissolution after 90 minutes from ~85% down to ~8%, 
decreasing further to ~2% with a 5.26×10-1 M PO43- addition. The considerable effect of PO43-  
on UO2 dissolution has been mentioned previously by Laxen and Nicol et al., ([2, 17]. Nicol et 
al., performed electrochemical studies on single crystals of UO2 and investigated the influence 
of PO43-. They reported that at low concentrations of PO43- the maximum observed in the 
current was tentatively ascribed to the formation of complexes such as FeHPO4+ and 
FeH2PO42+ which are more reactive than such species as FeIII, FeOH2+ and Fe2OH24+ [17]. 
Subsequent decrease in activity of the FeIII in solution with increasing PO43- addition was 
brought about by the precipitation of colloidal FePO4. They observed a decrease in leaching 
rate of UO2 with increasing PO43- concentration from 5.00 ×10-4 M to 5.00×10-3 M [17]. In the 
current study, over the concentration range tested (5.26×10-2 - 5.26×10-1 M), the dissolution of 
UO2 completely stopped. This was most likely due to the formation of colloidal FePO4 which 
precipitated out of solution. This was confirmed by X-ray diffraction analysis of leach residue 
(Figure 4.14), which showed a mixture of FePO4 and unreacted UO2. The Na2SO4 formation is 
attributed to the leftover Na from the added NaPO4 reacting with the SO42- in solution. Upon 
analysis of the Fe in solution it was found that the total Fe significantly dropped from 6.70 
×10-3 M to 1.34×10-3 M which was consistent with the drop in solution ORP (Table 4.15).   
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Figure 4.13:  Effect of varying PO43- concentration on UO2 dissolution. Initial solution ORP =  
550 mV (No added NaPO4), 420 mV (5.26×10-2 M/7.05 g added as NaPO4), 350 mV 
(1.58×10-1 M/ 21.16 g added as NaPO4), 300 mV (2.63×10-1 M/735.26 g added as NaPO4) and 
260 mV (5.26×10-1 M/70.53 g added as NaPO4) in 0.15 M [H2SO4]. Background concentration 
of PO43- in all tests due to FePO4/ Fe3(PO4)2 salts used as source of Fe = 8.42×10-3 M. 
 
Table 4.14: Concentration [M] of added NaPO4 and Total [PO43-] in system. 
NaPO4 added Total PO43- concentration in 
system* 
0 8.42 ×10-3 M 
5.26 ×10-2 M 6.11 ×10-2 M 
1.58 ×10-1 M 1.66 ×10-1 M 
2.63 ×10-1 M 2.72 ×10-1 M 
5.26 ×10-1 M 5.35 ×10-1 M 
*Including PO43- from added FePO4/ Fe3(PO4)2. 
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Table 4.15: Fe concentrations (ppm) at addition of 5.26×10-1 M PO43-. ( ORP 260 mV). 
Background concentration of PO43- in all tests due to FePO4/ Fe3(PO4)2 salts used as source of 
Fe = 8.42×10-3 M. 
 
 
 
 
 
 
 
Time  5.26×10-1 M  PO43- addition 
 FeIII FeII Total Fe %U dissolved in 90mins 
Initial 1.68×10-3 5.04×10-3 6.72×10-3  
1 5.55×10-5 1.11×10-3 1.17×10-3 0.18 
45 1.06×10-4 1.17×10-3 1.28×10-3 0.98 
90 1.41×10-4 1.22×10-3 1.36×10-3 1.25 
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Figure 4.14:  X-ray diffraction pattern of leach residue obtained from test with 5.26×10-1M PO43- addition in 0.15M H2SO4. (U-
Uraninite UO2, B-Sodium sulphate Na2SO4, C-Rodolicoite FePO4.)
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4.5. Effect of combined anions on UO2 dissolution in dilute 
sulphuric acid solution 
 
A series of experiments were conducted in order to determine if the positive influence of 
F- addition is negated by the addition of counter anions (SO42-, NO3-, PO43-). Accordingly 
experiments were conducted with the anions (5.21×10-2 M SO42-, 8.06×10-2 M NO3-, 
5.26×10-2 M PO43-) added individually in the presence of 5.26 ×10-2 M F-. All other 
conditions were kept constant (Table 4.16) 
 
Table 4.16: Conditions that were kept constant 
Parameter Values 
[H2SO4] 15 g/L (0.15 M) 
Temperature 50°C 
Initial UIV 100 mg/L (4.20×10-4 M) 
Initial FeIII:UIV 4:1 
Initial FeIII* 93.8 mg/L (1.70×10-3 M) 
Initial FeII* 281.4 mg/L (5.00×10-3 M) 
Total Fe 375.2 mg/L (6.70 ×10-3 M) 
Total SO42- as Fe2(SO4)3/FeSO4 1.4 g/L (1.45×10-2 M) 
Total F- as NaF 1.0 g/L (5.26×10-2 M) 
ORP Varied  
* Based on FeIII and FeII salts added at beginning of tests 
 
The results from figure 4.15 (concentrations of the anions given in Table 4.17), 
indicated that the significant positive influence of F- is negated by the addition of SO42-, 
NO3- and PO43-. Although the SO42- and NO3- reduce the rate of dissolution, it is still higher 
than in the pure solution. Therfore it can be ascertained that the addition of these anions 
effectively compete with the F- to complex with the Fe3+ and adsorp onto the active sites of 
the UO2 surface thereby reducing effective electron transfer between FeIII and UO2. In the 
case of the PO43-, the severe decrease in rate and % dissolution is most likely attributed to 
the formation of colloidal FePO4 causing the FeIII to be removed from the solution matrix.   
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Figure 4.15:  Effect of No addition (ORP 460 mV); 5.26×10-2 M F- (ORP  380 mV); 
5.26×10-2 M F- & 5.21×10-2 M SO42- (ORP 380 mV); 5.26×10-2 M F- & 8.06×10-2 M NO3- 
(ORP 380 mV); and 5.26×10-2 M & 5.26×10-2 M PO43- (ORP 380 mV); on the dissolution 
of UO2. Background concentration of SO42- in all tests due to Fe2(SO4)3/FeSO4 salts used 
as source of Fe = 1.45×10-2 M. Note: All anions added as Na-Salt,  
 
Table 4.17: Concentration [M] of added anions and Total anions in system. 
*Including SO42- from added Fe2(SO4)3/FeSO4 salts 
 
 
 
NaF added Total [SO42-]  * Total [NO3-]   Total [PO43-]  
0 1.46×10-2 M - - 
5.26 ×10-2 M 1.46×10-2 M - - 
5.26 ×10-2 M 5.36×10-1 M - - 
5.26 ×10-2 M 1.46×10-2 M 8.06×10-1 M - 
5.26 ×10-2 M 1.46×10-2 M - 5.26 ×10-1 M 
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4.6. Conclusions 
 
The effect of Fe counter anion demonstrated that the rate of UO2 dissolution was 
highest when FePO4/ Fe3(PO4)2 and Fe(NO3)3/FeO salts, respectively, were used. The next 
highest rates of dissolution were observed when FeCl3/FeCl2, Fe2(SO4)3/FeSO4, Fe2O3/FeO 
and FeBr3/FeBr2 salts were used, respectively, with the dissolution rates obtained in these 
systems all being very similar. The UO2 dissolution rate observed when FeF3/FeF2 was 
used was significantly lower than the rates observed in all of the other systems tested.  
 
At the highest addition of Cl- and Br-, it can be seen that Cl- had a minimal effect, whilst 
Br- had no effect on the rate of dissolution of UO2. It was observed that increasing F- 
increased the rate of UO2 dissolution. However this increase was clearly not due to 
solution ORP as this decreased with increasing F- concentration. The trends observed with 
increasing F- concentration were most likely due to (i) changes in the types of FeIII-F- 
complexes present at the different F- concentrations (and the subsequent differences in 
reactivity of these species) and / or (ii) F- influencing the equilibrium position of reactions 
1 and / or 2 through complexing UO22+, (refer to section 4.4.1) which in turn may lead to 
an increase in the rate of UO2 dissolution.  
 
With SO42- addition, it was determined that the decrease in rate and % dissolution was 
most likely caused by the significant decrease in solution ORP with increasing SO42- 
addition preventing and / or slowing down the formation of the effective FeIII complexes. 
With NO3- addition, increasing NO3- enhances UO2 dissolution by oxidising the FeII in the 
system to FeIII, making more available for reaction with the UO2. With PO43- addition, the 
dissolution of UO2 completely stopped at PO43- concentrations > 5.26×10-2 M. This was 
most likely due to the formation of colloidal FePO4 which precipitated out of solution.  
 
The positive influence of F- addition was negated by the addition of SO42-, NO3- and 
PO43-. This was attributed to the addition of these anions competing with the F- to complex 
with the Fe3+ and adsorp onto the active sites of the UO2 surface thereby reducing effective 
electron transfer between FeIII and UO2. 
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CHAPTER 5: 
 
Synthesis, characterisation and 
dissolution of Pb-doped UO2 and Th-
doped UO2 
 
 
                                      
 
 
 
 
 
 
 
 
 
Natural uraninites contain a number of cationic impurities, mainly originating due to the decay 
of the uranium isotopes 238U and 235U into radiogenic lead (and other radiogenic daughter 
products).  In this chapter, two forms of doped uraninite (Pb-doped UO2 and Th-doped UO2) 
were prepared in order to determine the effect of cationic substitution / composition on the 
dissolution kinetics of UO2 
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5.1. Introduction 
 
As previously discussed, natural uraninites contain impurities due to cationic substitution 
and / or decay of the uranium isotopes, 238U and 235U, into radiogenic Pb (and other radiogenic 
daughter products).  In light of this, Janeczek et al., [1, 2]; proposed the following structural 
formula for naturally occurring uraninite: 
  �𝑈1−𝑥−𝑦−𝑧4+ 𝑈𝑥6+𝑅𝐸𝐸𝑦3+𝑀𝑧2+�𝑂2+𝑥−(0.5𝑦)−𝑧∗    (REE-Rare Earth Elements; M-Metal lattice).  
 
The impurity content of uraninite depends strongly upon the environment of deposition, as 
well as the conditions under which dissolved U may have been transported. The most 
important impurities in uraninite are Pb, Th, Ca, Y and lanthanides. Magmatic uraninite 
commonly contains Th and REE as impurities while hydrothermal and sedimentary uraninite 
contain Pb as the major impurity [3].  
 
As discussed earlier, Radiogenic Pb can reach quite high levels in ancient uraninite with 
reports of 15-20 wt.% PbO in some analyses, although 7-10 wt.% is more common [4], [3], 
[5]. Lead is incompatible in the UO2 structure at concentrations greater than a few percent [4], 
[5], and Janeczek et al., suggested that Pb may replace some U and occupy interstitial sites 
within the uraninite structure [2]. X-ray powder diffraction data indicated that unit-cell 
volumes of Pb-rich uraninite were larger than those of Pb-poor uraninite, suggesting that Pb 
accumulation can induce significant strain. Since Pb ions are present in the interstitial sites, 
they can be leached as PbS by reducing the ore with S. Under oxidising conditions, Pb can 
combine with UO22+ to form one or more of nearly 25 known Pb-uranyl minerals [6]. The 
decay of U to Pb also influences the average oxidation state of uraninite where  U4+ is oxidised 
to U6+ (or two U4+ may each oxidise to U5+) and Pb4+ is reduced to Pb2+. This process leads to 
partial oxidation of U4+ in uraninite. Janeczek et al., suggested that increased Pb content, 
would lead to higher concentrations of uranium vacancies or vacancy pairs and proposed a 
modified formula for the uraninite structure in the presence of Pb whereby changes occur in 
the composition of the uraninite, from the ideal UO2 fluorite-structure end-member [2, 5]:   
�𝑈1−𝑥−𝑦−𝑧
4+ 𝑈𝑥
6+𝑅𝐸𝐸𝑦
3+𝑀𝑧
2+
𝑣
4−�𝑂2+𝑥−(0.5𝑦)−𝑧−2𝑣∗, (where v indicates metal site vacancies) 
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Sunder et al., reported U6+/U4+ ratios of ~0.02 to as high as ~0.75 in uraninite from the 
Cigar Lake U deposit, despite reducing anoxic conditions at the depth of the ore deposit (>400 
m) and verified the presence of Pb2+ in natural uraninite [7-9]. The radioactive decay of U in 
“old” uraninite can therefore destabilize uraninite by two mechanisms (1) auto-oxidation 
which leads to U6+/U4+ ratios at which the uraninite structure becomes unstable; and (2) 
accumulation of Pb2+ to levels that cannot be accommodated by the uraninite structure. These 
two processes occur simultaneously leading to Pb loss and commonly recrystallization of 
uraninite under reducing conditions [2], [10]. It was also reported that in the absence of 
sufficient S, the uraninite may exsolve into Pb-rich and Pb-poor domains. In addition, Pb 
production coupled with auto-oxidation may lead to the formation of several new Pb-uranyl 
secondary minerals [11]. The influence that impurity elements in uraninite, such as Pb, may 
have on uraninite dissolution is uncertain.  Much of the literature on Pb-doped uraninite has 
been focused on natural analogue studies on the long term stability of spent nuclear fuel under 
deep geological repository conditions, since it is the key daughter product from the radioactive 
decay and causes subsequent alteration of both, natural uraninites and spent fuel [11, 12].  
 
As mentioned earlier in this section another commonly found impurity in natural 
uraninites is Th. As previously discussed in section 1.2.1, synthetic UO2 and ThO2 are 
isostructural, and form a complete solid solution, with the lattice parameter varying linearly 
with Th content [3]. Thorium contents of magmatic uraninite however rarely reach levels 
above approximately 10 or 12 wt.% ThO2 [3, 13, 14]. The solubility of Th4+ at low 
temperatures is extremely low, similar to U4+. Much of the work on Th-doped UO2 has been 
based on thorium-based fuel reactors which require mixed dioxides, such as ThO2 containing 
fissile materials (U235), for starting the nuclear reaction. Laxen conducted dissolution tests on 
UO2 crystals with 8% ThO2 and found that a decreased dissolution rate of 0.62× 10-2 (mg U) 
cm-2min-1 was obtained compared to 2.03× 10-2 (mg U) cm-2 min-1 reported for the pure UO2 
crystals (studies were conducted in a closed reaction vessel with [H+]= 0.1 M, SO42- = 0.1 M, 
FeIII = 0.06 M, Temp= 35°C, solution agitation= 500 rev/min) [15]. Laxen attributed this 
decrease to the UO2 being a p-type semiconductor, i.e. electron deficient, and the addition of 
ThO2, caused the UO2 to become more p-type and hence more difficult to dissolve [15]. 
Grandstaff [14] reported that increased Th concentrations increased the dissolution rate, but 
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stated that due to the complex nature of the chemical system the result was merely empirical 
and tentative. Dyck et al., [16]; conducted dissolution studies on mixed thorium-uranium 
oxide fuel and determined that an initial acid composition of 13 mol L-1 HNO3 /0.05 mol L-1 
HF was near optimal for dissolution. The rate of the reaction was calculated to be first order 
with respect to HNO3 concentration. They concluded that the mixed thorium-uranium oxide 
fuel was harder to dissolve than pure UO2 and ThO2 [16].  S. Sunder et al., [17]; prepared 
(Th,U)O2 and concluded that the uranium at  the surface of (Th,U)O2 underwent  oxidation 
similar to pure UO2. However, the leach rate of uranium with UO2 present as a solid solution 
in ThO2 matrix, is reduced by a factor greater than that expected solely from the decrease in 
the uranium concentration in the solid phase [17]. G. Heisbourg et al., conducted an extensive 
study on the dissolution of Th1-xUxO2 in oxidizing and corrosive media, versus the uranium 
content, and versus the concentration of nitrate ions in the leachate, at a fixed ionic strength 
(10-1-10-4 M of Th1-xUxO2, 1 and 5 M HNO3, 25°C, leach time- 800 days, pH=1-7) . They 
determined that, depending on the uranium content, and the pH of the leachate, the dissolution 
curve involved one or two successive steps. The first one was kinetically controlled with the 
oxidation of U(IV) leading to a faster release rate of a final oxidized solid. The second step, 
controlling the dissolution of solid solutions, was thermodynamically controlled due to the 
formation of thorium precipitates forming on the surface of the solid, which in turn slowed 
down and / or blocked the uranium release from the solid. Thus, the dissolution process 
corresponded to a diffusion process through the thorium phase layer [18]. 
 
The main aims of the research presented in this chapter were to investigate differences in 
structure  between two synthetically prepared doped uraninite samples (Pb-doped UO2 and Th-
doped UO2) by characterising the texture and composition of these doped UO2 materials and 
and their subsequent influence on the dissolution of U from these compounds under conditions 
relevant to  uranium ore processing.   
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5.2. Experimental  
5.2.1. Materials 
The following chemicals were used as received: uranyl acetate, UO2(CH3COO)2·2H2O, 
(98%, BDH), sulphuric acid [H2SO4] (98% AR grade, Merck Ltd), ferric sulphate 
[Fe2(SO4)3·5H2O] (Lab Reagent, Ajax Chemicals), ferrous sulphate [FeSO4·7H2O] (AnalaR 
Chem-Supply Ltd) , lead sulphate [PbSO4] (ChemSupply, AnalaR), thorium nitrate 
[Th(NO3)4] (BDH, AnalaR), sodium chlorate [NaClO3] (99+%) (Sigma-Aldrich), 1000 ppm 
uranium ICP-MS standard (AccuStandard), nitric acid [HNO3] (70% AR grade) (Merck Ltd). 
Milli-Q water was used to prepare all solutions.  
5.2.2. Methods 
 
The following methods that were used to conduct the research presented in this chapter 
(dissolution test procedure, acid digestion test procedure, XRD analysis, ESEM analysis, XPS 
analysis, elemental mapping analysis and ICP-MS analysis) are given in Chapter 2. 
 
5.2.2.1. Electron Probe Micro-analysis (EPMA) 
 
Samples were mapped using a high resolution Field Emission Gun (FEG) equipped EPMA 
(JEOL 8500F Hyperprobe). The polished samples were mapped using a combination of 
wavelength dispersive (WD) and energy dispersive (ED) spectroscopic techniques. The 
elements mapped using the WD spectroscopic techniques were U, O, Fe, Th and Pb. Standards 
used to calibrate the EPMA WD spectrometers prior to mapping were: hematite (Fe2O3 – for 
Fe), synthetic uranium oxide (UO2 for U and O), thorianite (synthetic ThO2 – Th) and galena 
(PbS – for Pb). Elements that were not measured by WD spectroscopy were measured using 
two energy-dispersive (ED) spectrometers operating in parallel. Measuring both ED and WD 
signals simultaneously ensured that the complete chemical spectrum, at each step interval in 
the map, was obtained. This additional information was important when trying to identify 
phases that contained impurity elements not present in the main WD element map suite. 
Operating conditions for the microprobe during mapping were an accelerating voltage of 10 
kV, a beam current of 50 nA, a step size of between 0.5 mm (500 nm) and counting times of 
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20 msec per step. The choice of step size was based on a compromise between maximising the 
number of particles analysed and ensuring any fine-grained phases were located. In total, 6 
maps were obtained – one on each of the as-prepared synthetic Pb- and Th-doped samples and 
3 maps on the Pb-doped UO2 residue and one map on the Th-doped UO2 residue. The map 
sizes are listed in Table 5.1. 
 
Table 5.1: The map sizes for the samples characterised by EPMA. 
Sample Map Size (micron) 
Pb-doped UO2 350 x 350  
Map 1 Pb-doped UO2 residue 125 x 125 
Map 2 Pb-doped UO2 residue 125 x 125 
Map 3 Pb-doped UO2 residue 350 x 350 
Th-doped UO2  400 x 400 
Map 1 Th-doped UO2 residue 400 x 400 
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Results and Discussion 
5.3. Synthesis of Pb-UO2 & Th-UO2 
 
Pb-UO2 was synthesised using UO2 prepared by the method described in section 2.2.1. 
Synthesis of Pb-UO2 involved the following: UO2 and lead sulphate (PbSO4) were ground 
together using a mortar and pestle to ensure thorough mixing and the <20µm size fraction of 
the resultant mixture was collected by dry sieving (A ratio of 20% Pb as PbSO4 was mixed 
with the UO2 (0.4g Pb & 1.6g UO2)); the mixture was then pressed using a hydraulic press 
under vacuum (7t pressure) to form pellets that were then heated at 1100°C under a flow of 
Ar/H2 [95%/5%] for a period of 25h. 
 
Th-UO2, was synthesised using UO2 prepared by the method described in section 2.2.1. 
Synthesis of Th-UO2 involved the following: UO2 and thorium nitrate (Th(NO3)3) were 
ground together using a mortar and pestle to ensure thorough mixing and  the <20µm size 
fraction of the resultant mixture was collected by dry sieving ( A ratio of 20% Th as Th(NO3)3 
was chosen to be doped into the UO2 (0.4g Th and 1.6g of UO2)); the mixture was then 
pressed using a hydraulic press under vacuum (7t pressure) to form pellets that were then 
heated at 1100°C under a flow of Ar/H2 [95%/5%] for a period of 72h. 
5.4. Characterisation 
5.4.1. X-ray Diffraction (XRD) / High Temperature X-Ray Diffraction (HT-
XRD) studies 
X-ray diffraction analysis of the synthesised Pb-doped UO2 and Th-doped UO2 (Figure 5.1) 
showed that both materials exhibited  all of the diffraction lines associated with synthetic UO2 
(with major lines  occurring at 28.4 2θ (1 1 1); 32.8 2θ (2 0 0); 47.2 2θ (2 2 0); 55.9 2θ (3 1 1); 
58.6 2θ (2 2 2); 68.9 2θ (4 0 0); 76.1 2θ (3 3 1); 78.4 2θ (4 2 0) and 87.6 2θ (4 2 2)). Hence the 
integrity of the base UO2 crystalline structure was maintained with doping of the Pb and Th. 
There were no line shifts occurring with doping. However the lines appeared to have 
broadened in the case of the doping. This suggests changes in the inter-planar spacing and 
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grain size due to doping. The doping would also lead to a smaller crystallite size by damaging 
the lattice structure as previously discussed in section 5.1. In the case of the Th doped UO2 
there appears to be shoulders on the (2 0 0), (2 2 0), (3 1 1) (2 2 2), (3 3 1) and (4 2 0) crystal 
planes, caused by lattice distortion due to varying depositions of Th in the UO2 lattice (which 
is a well-documented effect [19-23]). Therefore miniscule isolated UO2 domains and ThO2 
domains could exist on the surface of the structure since the doped material was prepared by 
solid state synthesis and there was lack of homogeneity in the mixing of the sample prior to 
heating. In the case of the Pb doped UO2, successful homogenous doping was observed with 
only miniscule shoulders appearing on the (2 2 2), (4 0 0) and (4 2 2) crystal planes.  
 
Analysis of the diffraction line ratios of the (200), (2 2 0) and (3 1 1) crystal planes against 
the (1 1 1) crystal plane for all three materials showed that in the case of the (1 1 1) and (2 0 0) 
crystal planes, there was a decrease in line ratio from 1.9 (UO2) to 1.8 (Pb-UO2) and 1.3 (Th-
UO2). In the case of the (1 1 1) and (2 2 0) crystal planes, line ratios of 1.5 (UO2), 1.6 (Pb-
UO2) and 1.3 (Th-UO2) was observed. Finally the line ratios for (1 1 1) and (3 1 1) crystal 
planes calculated were 1.6 (UO2), 1.6 (Pb-UO2) and 1.3 (Th-UO2). These results indicate that 
the Pb-UO2 didn’t affect the lattice structure significantly as there were relatively no changes 
in line ratios compared to the UO2. This could be due to (a) only ~5% Pb was doped into the 
structure; (b) the Pb would occupy interstitial sites within the lattice and without affecting the 
crystal planes.  The Th-doping on the other hand significantly altered the diffraction line ratios 
since it would directly substitute with the U in the system, therefore causing notable changes 
in line intensities. This is discussed further in section 5.4.5. 
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Figure 5.1: Comparison of X-ray diffraction patterns of UO2, Th-UO2 and Pb-UO2 and their associated crystal planes (Dotted lines). 
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Further studies were conducted in order to study the influence of temperature on the 
crystallinity of the prepared materials. This involved analysing the samples using the method 
described in section 2.3.2., while heating under oxidising conditions. The results of these tests 
are illustrated in Figure 5.2a and 5.2b.  The patterns obtained for the Pb-UO2 sample (Figure 
5.2a) showed diffraction lines occurring between 50°C and 400°C that corresponded to Pb-
doped UO2. However at a temperature of 500°C, new diffraction lines occurred along with the 
lone  diffraction line at 28 2θ (1 1 1). At 600°C the loss of the major diffraction line at 28 2θ 
(1 1 1) suggested the formation of a new product with the presence of all diffraction lines 
associated with uranium trioxide (UO3) (major diffraction lines occurring at 21 2θ, 27 2θ, 32 
2θ and 51 2θ) (XRD library match 01-072-0246). Although pure UO2 oxidises to pitchblende 
(U3O8), in air (Section 3.3.1), the doped form appeared to form uranium trioxide (UO3) 
instead, with the Pb most likely released from the lattice structure in the form of PbO/Pb2O 
due to its volatility under the conditions used [24].  
 
In the case of Th-doped UO2, the results, illustrated in Figure 5.2b showed lines occurring 
between 50°C and 400°C that corresponded to Th-doped UO2. However between temperatures 
of 500°C-600°C in oxidising conditions, a major decrease in the intensity of the diffraction 
lines corresponding to Th-doped UO2 was observed. There was also the presence of diffraction 
lines at 21 2θ and 26 2θ corresponding to the occurrence of uranium trioxide (UO3) (XRD 
library match 01-072-0246). At 700°C, these diffraction lines disappeared, with the diffraction 
lines corresponding to Th-doped UO2 shifting between 700°C-1000°C.  Unlike the Pb-doped 
sample which was oxidised to UO3, the decrease in intensity of the diffraction lines after 
700°C indicates severe damage to the Th-doped UO2 crystal lattice upon thermal heating. It 
can therefore be concluded that given the diffraction line patterns with increasing temperature, 
further thermal heating would result in complete damage to the crystal structure causing the 
doped material to become amorphous.   
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Figure 5.2: (a) HT-XRD pattern of Pb doped-UO2 (50°C-1000°C) in oxidising conditions (Red- Pb-doped UO2, Blue- Uranium 
trioxide) and (b) HT-XRD pattern of Th doped-UO2 (50°C-1000°C) in oxidising conditions (Red- Th-doped UO2, Blue- Uranium 
trioxide, diffraction line shifted Th-doped UO2 ). 
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5.4.2. Elemental Mapping analysis 
 
Pb-UO2 
 
In order to determine the homogeneity of the prepared Pb-UO2 elemental mapping analysis 
was conducted at a magnification of 500µm. The results presented in Figure 5.3, showed even 
distribution between the O, Pb and U in the sample. The U map showed an increased intensity 
compared to the O and Pb maps, indicating that the sample primarily contained U. Since the 
sample was found to be very homogenous it provided further evidence of Pb being 
successfully doped into the UO2 lattice.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 5.3: Elemental mapping analysis of Pb-UO2 (×500µm) 
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Th-UO2 
 
The elemental analysis at a magnification of 500µm of the Th doped UO2 sample was 
conducted in order to determine the homogeneity of the prepared sample. The results showed 
even distribution between the O, Th and U (Figure 5.7). The U spot map showed an increased 
intensity compared to the O and Th maps, indicating that the sample primarily contained U. 
However the O elemental map showed decreased intensity compared to the O map for the Pb-
doped sample, suggesting that there was less O in the Th-doped UO2. The sample was also 
found to be generally homogenous with localised areas of high Th concentrations and low U 
concentrations observed (Refer to circles in Figure 5.4).  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 5.4: Elemental mapping analysis of Th-UO2 (×500µm) 
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5.4.3. Scanning Electron Microscopy (SEM / EDAX) 
 
Pb-UO2 
The Pb-UO2 sample was mounted on a resin and analysed using SEM to investigate the 
morphology and micro-structural properties of the prepared sample. From figure 5.5, it was 
observed that the Pb doped UO2 was highly homogenous across the sample which was 
consistent with the results obtained from the elemental mapping analysis. The sample was 
single phase and highly crystalline with generally small particle sizes. The sample also had a 
semi-porous structure with various intrusions etched onto the surface of the larger particles. 
The EDS spectrum confirmed the presence of Pb, U and O (the peak before O was caused by 
the C in the resin) (Figure 5.6). The concentrations of the elements were also quantified. The 
Pb concentration obtained (~5%) was significantly lower than what was originally used during 
synthesis (20%) (Figure 5.6). This is discussed further in section 5.4.5. 
 
     
 
Figure 5.5: SEM images of Pb-UO2 sample ((a) 100µm, magnification 400×; (b) 50µm, 
magnification 1000×; and (c) 20µm, magnification 2000×) 
(a) (b) (c) 
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Figure 5.6: EDS spectrum of Pb-Doped UO2 (10 µm, magnification ×2000, spot size ×1µm) 
 
Th-UO2 
 
The Th-UO2 sample was mounted on a resin and analysed using SEM to determine the 
morphology of the structure and identify micro-structural properties of the prepared sample. 
The sample appeared to be highly crystalline, single phase and slightly less porous than the Pb 
doped sample (Figure 5.7). However, unlike the Pb-sample, the Th-sample was heterogenous 
as  pockets of un-reacted UO2 were observed.. This was clearly evident in figure 5.7a (200 
µm); with the brighter spots on the SEM image attributed to UO2 whilst the duller spots 
attributed to Th-UO2. Upon further magnification, in certain larger grains, areas of mixed UO2 
and Th-UO2 existed, for e.g., at figure 5.7c (20 µm); there appears to be porous micro-
indentations on the surface of the grains. This is contradictory to the elemental mapping which 
showed good homogenous distribution between Th, U and O in the sample. The EDS of the 
sample at ×16000 magnification of the grain, showed no Th present at a spot size of <1 µm, 
confirming the presence of isolated pockets of trace level un-reacted UO2 (Figure 5.8) 
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Figure 5.7: SEM images of Th-UO2 ((a) 200µm, magnification ×200; (b) 50µm, magnification 
×1000; (c) 20µm, magnification ×2000) 
 
 
Figure 5.8: EDS spectrum of Th-UO2 confirming the presence of trace level UO2 impurities 
(magnification ×2µm, spot size <1 µm) 
 
 
 
 
 
1 2 3 4 5 6 7 8 9 10
 
keV
0
2
4
6
8
10
 cps/eV
 
 C  O      U     
 Th 
Synthetic Pb-UO2_EDS 2
(a) (b) (c) 
C
ou
nt
s p
er
 se
co
nd
 
keV 
Chapter 5 
 
~ 152 ~ 
 
5.4.4. Electron probe micro analysis (EPMA) 
 
EPMA analysis was conducted in order to further investigate the distribution of the doped 
cations (Pb,Th) within the UO2 lattice structure. EPMA analysis of the Pb-Doped UO2 showed 
good homogenous distribution between the Pb and U (Figure 5.9). This was in good 
agreement with both the elemental mapping data and ESEM / EDS data.  
 
                 
Figure 5.9: EPMA data of Ph-Doped UO2 
 
The EPMA of the Th-doped UO2 in Figure 5.10, showed heterogeneous doping of the Th in 
the UO2 matrix. This was further corroborated by the SEM data. However the results obtained 
were contrary to those obtained with the elemental mapping analysis, which showed good 
distribution at a magnification of 500µm, and the XRD analysis, that also showed successful 
doping of Th into the UO2. Therefore it can be ascertained that the bulk of the material was 
homogenously doped, with pockets of unreacted UO2 and Th occurring on the surface of the 
material.  
 
 
 
 
 
 
   100 µm 
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’ 
Figure 5.10:  EPMA data of Th-doped UO2 
5.4.5. X-ray Photoelectron Spectroscopy (XPS)  
 
XPS studies were conducted in order to determine the oxidation state of the U, O and Th/Pb 
in the prepared samples. In the case of the Pb-doped UO2 samples, from figure 5.11a, the core 
level XPS spectra showed the spin orbital pair of U4f 7/2 at 381.1 eV and U4f 5/2 at 391.8 eV 
indicating a single oxidation state for the U in the sample (U4+) [25]. The core level XPS 
spectra for the Pb (Figure 5.11b) showed the spin orbit pair of Pb4f 7/2 at 139 and Pb4f 5/2 at 
143.9 eV indicating the +2 oxidation state of Pb [25]. The U and O peaks were compared with 
peaks of pure UO2 (section 3.2.4) and no significant differences were observed with only 
slight peak shifts occurring with Pb doping. The Pb2+ charge observed indicates that for charge 
balance to occur, two Pb’s are required to substitute for the U in the lattice structure. Therefore 
due to the increased difficulty of the reaction, Pb would be significantly harder to dope into 
the UO2 structural lattice. This is consistent with the synthesis of Pb-doped UO2 where only 
~25% of used Pb, was doped into the structure, with Pb most likely being removed as gaseous 
PbSO4 at the reaction temperature used (1100°C).  
U
Pb
Th
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Figure 5.11: Pb-Doped UO2 XPS core level spectra of (a) U4f, (b) Pb4f and (c) O2d wherein 
circles, lines and bold lines represent raw data, fitted lines and line of best fit. 
 
In the case of Th-doped UO2, from figures 5.12a, the core level XPS spectra showed the 
spin orbital pair of U4f7/2 at 381.2 eV and U4f5/2 at 392 eV indicating a single oxidation state 
for the U in the sample as U4+. The core level XPS spectra for the Th (Figure 5.12b) showed 
the spin orbit pair of Th4f7/2 at 334.4 and Th4f5/2 at 343.7 eV indicating an oxidation state of 
Th4+ [25].The U and O peaks were compared with peaks of pure UO2 (section 3.2.4) and no 
significant differences were observed with only slight peak shifts occurring with Th doping. 
The Th4+ oxidation state indicates that a direct substitution  occurs whereby the Th4+ 
substitutes for U4+ within the lattice structure, with the replaced U most likely being removed 
as gaseous UO2(NO3)2  at the reaction temperature used (1100°C).  
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Figure 5.12: Th-Doped UO2 XPS core level spectra of (a) U4f, (b) Th4f and (c) O2d wherein 
circles, lines and bold lines represent raw data, fitted lines and line of best fit. 
 
5.4.6. Inductively Coupled Plasma Mass spectroscopy (ICP-MS) 
 
In order to determine the stoichiometry of the Pb-UO2 and Th-UO2 synthesized, the 
samples were digested using the acid digestion method described in section 2.2.2, and the 
solution obtained, analysed by ICP-MS (Table 5.2) (Triplicate solutions of each sample were 
prepared and analysed). The results obtained were in good agreement with the EDS data 
obtained (section 5.4.3) with only ~25% (4.69% of initial 20% used Pb) doped into the UO2 
structure. The Th doping was significantly more efficient with a near 100% yield observed 
with 19.5% of initial 20% used Th, doped into the structure. However the heterogeneity of the 
Th-UO2 morphology from the EPMA data (section 5.4.4) indicated that increased doping of 
Th into the uraninite structure resulted in localised regions of high ThO2 and UO2 forming.  
380 385 390 395 400
Binding Energy(eV)
381.2
392.0
332 334 336 338 340 342 344 346 348
Binding Energy(eV)
334.4
343.7
528 530 532 534 536 538
Binding Energy(eV)
530.31
532.2
(a) (b) 
(c) 
Chapter 5 
 
~ 156 ~ 
 
Table 5.2: wt.% and molarity of Pb, Th, U and O in synthetic Pb-UO2 and Th-UO2 *. 
  U% Pb%  O% Formula   U% Th%  O% Formula 
  
 
83.1 
 
4.69 
 
12.21 
    
 
70.40 
 
19.50 10.10 
  
  
 
84.0 
 
4.68 
 
11.32 
    
 
70.50 
 
19.48 10.02 
  
Avg 
 
83.55 
 
4.69 
 
 
11.77 
 
𝑈0.96𝐼𝑉 𝑃𝑏0.06𝐼𝐼 𝑂1.98 Avg 70.45 19.49 
 
10.06 𝑈0.80𝐼𝑉 𝑇ℎ0.50𝐼𝑉 𝑂1.70 
*Duplicate analyses were run for each sample 
Summary of characterisation studies- 
 
The X-ray diffraction analysis confirmed the formation of Pb-doped UO2. The broader 
diffraction lines suggested changes in inter-planar spacing and grain size due to doping. The 
elemental analysis, ESEM analysis and EPMA analysis showed homogenous distribution 
between the U and the Pb. The oxidation state of the Pb in the structure was determined to be 
Pb2+, and the elemental composition was calculated to be 4.69% Pb: 83.1% U. The decrease in 
yield observed with Pb doping (~25% yield) compared to Th doping was attributed to the Pb 
being incompatible in the UO2 crystal lattice. The observed result was in good agreement with 
previous literature.  
 
The X-ray diffraction analysis confirmed the formation of Th-doped UO2. However slight 
shoulders appearing on the major diffraction lines suggested that Th was not fully 
incorporated into the UO2 lattice. Therefore separate isolated UO2 domains and ThO2 could 
exist in the structure. This was corroborated by the ESEM and EPMA results that showed 
heterogeneous mixing occurring between the U and Th. However the elemental mapping 
analysis showed homogenous mixing suggesting that the core of the UO2 structure was 
successfully doped with Th with isolated pockets of Th rich and U rich concentrations 
occurring on the surface. The oxidation state was determined to be Th4+ with the elemental 
composition calculated to be 19.49% Th: 70.45% U. Therefore it can be summarised in the 
case of Th, yield was indirectly proportional to homogeneity of sample, with regards to 
successful doping of cations in the UO2 lattice.  
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5.5. Dissolution studies of synthetic doped UO2 
5.5.1. Pb doped UO2 
 
An initial series of tests were conducted to determine the dissolution of Pb doped UO2 
under the standard dissolution parameters defined earlier for studies conducted on UO2 (refer 
to section 3.4) (Table 5.3). Note: The start U concentration was adjusted for Pb-doping in all 
studies.    
Table 5.3: Conditions for initial dissolution tests on Pb-doped UO2. 
Parameter Values 
[H2SO4] 15 g/L (0.15 M) 
Temperature 50°C 
Initial UIV 100 mg/L (4.20×10-4 M)  
Initial FeIII:UIV 4:1 
Initial FeIII* 99.03 mg/L (1.77×10-3 M) 
Initial FeII* 297.09 mg/L (5.32×10-3 M ) 
Total Fe 396.20 mg/L (7.09×10-3 M ) 
Initial ORP 460 mV 
Note: Initial solution ORP was maintained throughout through the addition of sodium chlorate 
 
From the results presented in Figure 5.13, it can be seen that ~71% U dissolution occured 
over a leach period of 90mins, under the conditions studied. Upon comparing the dissolution 
of Pb-doped UO2 with the dissolution of pure UO2, where ~86% U dissolution occurred 
(Section 3.4), a ~ 15% decrease in dissolution was observed. The decrease in dissolution could 
be attributed to the presence of Pb  in the UO2 structure, since all other factors were identical. 
Therefore it is postulated that the reduction in dissolution could be due to a combination of 
factors including ; (a) Pb reprecipating onto the surface of the UO2 thereby forming a 
passivation layer. Janeczek et al., [1, 5]; and Zhao et al., [26]; previously reported that Pb is 
typically mobilised in oxidising conditions. Hence the liberated Pb would reprecipitate onto 
the surface of the structure and reduce the rate of reaction between FeIII and UO2;  (b) lead 
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production coupled with auto-oxidation, leading to the formation of several new Pb-uranyl 
secondary minerals. The formation of Pb-uranyl secondary minerals has been suggested by 
Finch et al., [11]; and it could reduce dissolution by forming inert materials that are 
unsuscepetible to leaching under the reaction conditions used; and or (c) the consumption of 
leachant caused by the preferential removal and complexation with Pb to form the sulphate.  
 
 
Figure 5.13: Dissolution versus time for Pb-doped UO2 compared to UO2. 
 
Leach residue from the dissolution test conducted on Pb doped UO2 was analysed using a 
variety of technqiues to investigate changes in morphology and composition after leaching. 
The techniques used included,  EPMA analysis, SEM / EDS analysis and elemental mapping 
analysis (Figure 5.14-5.17). From the EPMA analysis (Figure 5.14), it was seen that the 
morphology of the Pb-UO2 appeared to be damaged following the dissolution, with selective 
leaching of U and Pb apparent based on the presence of multiple perforations on the surface 
compared to the pre-leached sample (Figure 5.9).  Significant decreases in  Pb present in the 
residue samples were also observed compared to the pre-leach sample (Figure 5.9), indicating 
that the Pb was most likely mobilised and liberated from the sample. A large amount of 
sulphur from the [H2SO4]  present, could also be observed on  the surface of the residue 
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sample. The results attained confirmed previous suggestions, of the  the liberated Pb forming a 
passivation layer with the sulphate from [H2SO4] on the surface of the material and preventing 
effective electron transfer between FeIII and UO2.  The results acquired from elemental 
mapping analysis also showed significant reduction in Pb and the presence of isolated pockets 
with increased S and Fe, with relatively no U or Pb present (Figure 5.15). The SEM analysis 
showed that the morphology of the Pb-doped UO2 had been intrinsically damaged with 
various intrusions etched across the surface, caused by the dissolution, allowing liberation of 
bulk U and Pb (Figure 5.16a-f). EDS spot analysis was also conducted in order to determine 
the concentrations of the elements post leaching (Figure 5.17). The results showed 
heterogenous leaching within the samples with different regions containing differing amounts 
of Pb, U, S and Fe (Figure 5.17). This suggests the formation of multiple Pb, U and Fe- 
sulphates and oxides in the leach residue upon breakdown of the orginal sample. Therefore it 
can be hypothesized that the liberated Pb could form a passivation layer with the sulphate 
(from [H2SO4] in leach solution) on the surface of the material, and prevents effective electron 
transfer between FeIII and UO2. 
 
 
 
Figure 5.14: EPMA analysis of Pb-UO2 leach residue under standard conditions (Table 5.3) 
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Figure 5.15: Elemental mapping analysis of Pb doped-UO2 leach residue. 
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Figure 5.16:  SEM of Pb doped UO2 pre and post leach residue ((a) pre-leach 50 µm; (b) pre-
leach 20 µm; (c) post-leach 50 µm; (d) post-leach 20 µm; (e) post-leach 10 µm; (f) post-leach 
5 µm) 
(a) (b) 
(c) (d) 
(e) (f) 
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Figure 5.17: EDS spot analysis of Pb-UO2 leach residue; (a) primarily U present; (b) primarily 
U, S and O present; (c) primarily Pb and S present with quantitative analysis indicating 
reduced U concentration.  
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5.5.1.1. Effect of Fe (FeIII/II) and solution ORP on Pb-UO2 dissolution 
 
A number of dissolution tests were conducted to investigate the influence of [FeIII], [FeII], 
[Fe]TOT and solution ORP on Pb-UO2 dissolution using reaction conditions very similar to 
those encountered / used in commercial scale processing of uranium ores. The conditions used 
in these tests are presented in Tables 5.3 and 5.4 respectively. The initial solution ORP for 
each test was maintained throughout by addition of 4% (w/w) NaClO3 solution. The initial Pb-
UO2 slurry concentration used (100 mg/L as U) was chosen in order to replicate similar 
reaction conditions that were used to investigate pure UO2 and therefore provide data on the 
effect of Pb doping. The other main reaction conditions used, reaction temperature (50°C) and 
acid concentration (15g/L H2SO4), were very similar to the conditions used in the processing 
of some of the world largest uranium containing ore bodies [27, 28]. The surface area of the 
Pb-UO2 used in all tests was 70.6 m2g measured by BET technique. 
 
Table 5.4: Fe concentrations and ORPs studied on Pb-UO2 dissolution. 
Test  [FeIII] M*  [FeII] M*  FeIII:FeII  [FeTOT] M*   ORP (mV vs. Ag/AgCl) 
1 8.87E-04 0.00E+00 100 to 0 8.87E-04 565 
2 8.87E-04 8.87E-04 50 to 50 1.77E-03 530 
3 8.87E-04 1.77E-03 33 to 66 2.66E-03 495 
4 8.87E-04 2.66E-03 25 to 75 3.55E-03 460 
5 8.87E-04 1.95E-02 5 to 95 2.04E-02 420 
6 8.87E-04 1.01E-01 1 to 99 1.02E-01 380 
7 1.77E-03 0.00E+00 100 to 0 1.77E-03 565 
8 1.77E-03 1.77E-03 50 to 50 3.55E-03 530 
9 1.77E-03 3.55E-03 33 to 66 5.32E-03 495 
10 1.77E-03 5.32E-03 25 to 75 7.09E-03 460 
11 1.77E-03 3.90E-02 5 to 95 4.07E-02 420 
12 1.77E-03 2.03E-01 1 to 99 2.05E-01 380 
13 3.55E-03 0.00E+00 100 to 0 3.55E-03 565 
14 3.55E-03 3.55E-03 50 to 50 7.09E-03 530 
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15 3.55E-03 7.09E-03 33 to 66 1.06E-02 495 
16 3.55E-03 1.06E-02 25 to 75 1.42E-02 460 
17 3.55E-03 7.79E-02 5 to 95 8.15E-02 420 
18 3.55E-03 4.06E-01 1 to 99 4.09E-01 380 
19 6.21E-03 0.00E+00 100 to 0 6.21E-03 565 
20 6.21E-03 6.21E-03 50 to 50 1.24E-02 530 
21 6.21E-03 1.24E-02 33 to 66 1.86E-02 495 
22 6.21E-03 1.86E-02 25 to 75 2.48E-02 460 
23 6.21E-03 1.36E-01 5 to 95 1.43E-01 420 
24 6.21E-03 7.10E-01 1 to 99 7.17E-01 380 
25 8.87E-04 2.66E-03 25 to 75 3.55E-03 460 
26 1.77E-03 5.32E-03 25 to 75 7.09E-03 460 
27 3.55E-03 1.06E-02 25 to 75 1.42E-02 460 
28 6.21E-03 1.86E-02 25 to 75 2.48E-02 460 
* Based on quantities of FeIII and FeII salts added at beginning of tests 
Table 5.5: Conditions held constant for all dissolution tests. 
Parameter Values 
[H2SO4] 15 g/L (0.15 M) 
Particle size < 75 µm 
Initial Pb-UO2 100 mg/L; 4.2 ×10-4 M 
Temperature 50°C 
  
5.5.1.1.1 Pb-UO2 dissolution kinetics 
 
Analysis of the data obtained for the dissolution tests conducted showed that Pb-UO2 
dissolution in all tests most closely followed first-order kinetics. The dissolution curves 
obtained for four of the tests conducted and the corresponding plots of ln [U]t/[U]0 vs. time are 
given in Figures 5.18 and 5.19 respectively. The observed first-order kinetics was in good 
agreement with the studies conducted on pure UO2 (Section 3.4.6) 
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Figure 5.18: Percentage U dissolved vs. time for Pb-doped UO2 tests 1, 6, 18 and 22 (refer to 
Tables 5.4 and 5.5 for test conditions). 
 
 
Figure 5.19: Plot of Ln[U]/[U0] vs. time (min) for tests 1,6,18 and 22 (refer to Tables 5.4 and 
5.5 for test conditions). 
0
10
20
30
40
50
60
70
80
90
100
0 5 10 15 20 30 45 60 75 90
%
U
 d
is
so
lv
ed
 
Time (min) 
Test 1
Test 6
Test 18
Test 22
-9.5
-9.3
-9.1
-8.9
-8.7
-8.5
-8.3
-8.1
-7.9
-7.7
-7.5
0 20 40 60 80 100
L
n 
[U
]/[
U
o]
 [M
]  
Time (min) 
Test 1
Test 6
Test 18
Test 22
Chapter 5 
 
~ 166 ~ 
 
5.5.1.1.2. Effect of [Fe]TOT/[FeII] on Pb-UO2 dissolution under conditions of constant ORP 
and varied ORP  
 
As stated earlier, in section 3.4.6., [FeIII], [FeII] and solution ORP are very closely related, 
with solution ORP being heavily reliant on the [FeIII]: [FeII] ratio. Hence it was decided to 
investigate the influence of [Fe]TOT on Pb-UO2 dissolution in acidic solution at six different 
ORPs, similar to the studies on pure UO2. (Tests 1-24, Table 5.4) (Figure 5.20).   
 
As illustrated in Figure  5.20., there was an approximately linear dependence of the Pb-UO2 
dissolution rate on [Fe]TOT for each of the system ORPs tested. At ORPs of 565mV, 530mV, 
495mV and 460mV there was a very strong dependence of the dissolution rate on [Fe]TOT 
where slight increases in [Fe]TOT led to significant increases in the rate of UO2 dissolution 
under the conditions used. At an ORP of 420mV and below however the dependency of the 
Pb-UO2 dissolution rate on [Fe]TOT was significantly lower.  The rapid change in the 
dependence of the Pb-UO2 dissolution rate on [Fe]TOT in the systems of varying ORP 
investigated is most clearly seen in Figure 5.21 which illustrates the relationship between the 
order of dependence of the dissolution reaction on Fe concentration versus ORP. The results 
obtained in Figure 5.20, were in good agreement with those obtained for UO2 indicating that 
the method of electron transfer between FeIII and Pb-UO2 was very similar to the electron 
transfer between FeIIIand UO2.  
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Figure 5.20: Plot of  Pb-UO2 dissolution rate  vs total [Fe] (refer to Table 5.4 for reaction 
conditions). 
 
Figure 5.21: Order of Pb-UO2 dissolution with respect to Fe concentration vs solution ORP. 
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The rate orders (Figure 5.21) were plotted for the reaction conditions used in this study 
and compared with reaction conditions using pure UO2 (Section 3.4.6). In the case of the pure 
UO2 a clear dependence of the UO2 dissolution rate on [Fe]TOT at a maximum for a solution 
with an ORP ≥ 420 and ≤ 460 mV was observed.  Although the Pb-UO2 system  indicated a 
similar step change between an ORP ≥ 420 and ≤ 460 mV, the rate orders were  higher for the 
380mV and 420mV ORP’s, compared to those observed using UO2, suggesting that the rate of 
dissolution is not directly proportional to increasing ORP unlike UO2. Therefore it was 
concluded that although changing ORP influenced the rate of dissolution, it wasn’t a primary 
factor governing the reaction rate of Pb-UO2. 
 
Based on the results obtained on the influence of total Fe at different ORPs that showed the 
order of dependence was at a maximum at an ORP of ≥ 420- ~ 460 mV it was decided to 
investigate the influence of total [Fe] on the Pb-UO2 dissolution rate at a constant solution 
ORP of 460 mV (Tests 25-28, Table 5.4). As illustrated in Figure 5.22, the dependence of the 
Pb-UO2 dissolution rate on [Fe] is linear over the entire range studied at constant ORP, 
indicating that increasing Fe concentration was the governing factor in controlling the reaction 
rate of Pb-UO2 and increasing U/Pb dissolution.  The results obtained were similar to those 
observed with UO2 (Section 3.4.6). 
 
Figure 5.22:  UO2 dissolution rate vs total Fe for solutions at an ORP of 460 mV 
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The different dependency of the Pb-UO2 dissolution rate on increasing Fe concentration at 
various ORP’s, indicated that the relationship between the rate of dissolution and [Fe] wasn’t 
the same in different concentration ranges of Fe even at identical ORP (FeIII:FeII ratio). In 
order to determine these multiple regions of dependency of the Pb-UO2 dissolution rate, the 
specific influence of FeII under the conditions of interest was investigated.  
 
The results were compared with both those obtained by Nicol et al., [29]; and the results 
obtained for UO2 . As previously discussed in section 3.4.6; Nicol et al., [29]; observed three 
distinct regions of dissolution rate dependency and a region at very low [FeII], where the 
dissolution of UO2 was completely independent of the FeII concentration. The UO2 studies on 
the other hand, indicated only two distinct regions of dissolution rate dependency and showed 
that the boundaries of the [FeII] ranges separating the different orders of dependency of the 
dissolution rate varied significantly for the different Fe(III) concentrations studied. The studies 
conducted on Pb-UO2, concurred with the results obtained for UO2, and showed no region, at 
very low FeII, where dissolution was completely independent of the FeII concentration with 
two distinct regions of dissolution rate dependency observed similar to UO2 (Figure 5.23).  
 
Figure 5.23:  Log Pb- UO2 dissolution rate vs [FeII] at four fixed FeIII concentrations. 
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5.5.2. Th-doped UO2 
 
An initial series of tests were conducted to determine the dissolution of Th doped UO2 
under standard parameters which were previously used to investigate the dissolution of pure 
UO2.  Accordingly, the conditions that were kept constant are listed in Table 5.6. Note: The 
start U concentration was adjusted for Th-doping in all studies.    
 
Table 5.6: List of standard parameters 
Parameter Values 
[H2SO4] 15 g/L (0.15 M) 
Temperature 50°C 
Initial UIV 100 mg/L (4.20×10-4 M)  
Initial FeIII:UIV 4:1 
Initial FeIII* 117.53 mg/L (2.10×10-3 M) 
Initial FeII* 352.59 mg/L (6.31×10-3 M ) 
Total Fe 470.12 mg/L (8.42×10-3 M ) 
Initial ORP 460 mV 
Note: Initial solution ORP was maintained throughout through the addition of sodium chlorate 
 
From the results observed in Figure 5.24, it was seen that approximately 50% U dissolution 
was observed over a leach period of 90 mins, under the conditions studied. This islower than 
that observed for Pb-UO2 (~71%) and pure UO2 (~86%). This severe decrease in dissolution 
could be attributed  to the Th doped into the structure and can be attributed to several causes 
including, (a) increased stability, as Th is more compatabile within the UO2 lattice (section 
5.4.5) and would therefore form a stable compound that is resistant to leaching under the 
reaction conditions used; (b) The Th could be initially mobilised and liberated from the 
structure to form a passivation layer on the surface of the material similar to that occuring in 
the case of Pb, (c) the consumption of leachant caused by the preferential removal and 
complexation with Th to form the sulphate and (d) the difference in rate and percentage 
dissolution observed in the case of Th and Pb could be due to differences in the amount of 
doping (~5% Pb compared to ~20% Th).  The results obtained were consistent with previous 
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studies conducted by Dyck et al., [16]; Sunder  et al., [17]; and Heisbourg et al., [18]; who 
reported decreased rate and percentage U dissolution in the presence of Th.  
 
 
Figure 5.24:  Dissolution of Th doped UO2 under standard conditions. 
 
Further analysis was conducted on the Th-doped UO2 leach residue using a variety of 
techniques including EPMA analysis, SEM / EDS analysis and elemental mapping analysis to 
determine changes in morphology and composition caused by leaching (Figure 5.25-5.28). 
From the EPMA analysis (Figure 5.25), signficant damage to the morphology of the Th-UO2 
was observed post-leaching, with various intrususions and abrasians occuring across the 
sample. The selective leaching of U and Th was apparent based on the pores observed in the 
post-leached sample compared to the pre-leached sample (Figure 5.10). Compared to the pre-
leached sample analysis, there was also significantly more hetergeneity between U, Th and S  
(from H2SO4 in leach solution) present in the residue indicating that it was most likely 
liberated from the sample. A large amount of S coated both the surface of the residue, and 
inside the porous phases (Figure 5.25). The elemental mapping analysis showed significant 
reduction in Th and U with relatively uniform presence of S and Fe on the surface of the 
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residue. This was different to the Pb-doped UO2 which showed isolated pockets with increased 
S and Fe, with relatively no U or Pb present. This indicated that the surface matrix of the Th-
doped UO2 allowed uniform reaction occuring on the surface with a stable un-reactive bulk 
that was unsusceptible to leaching under the reaction conditions used (Figure 5.26). The SEM 
analysis showed significant damage to the morphology of the Th-UO2 residue, and was 
consistent with the results obtained with EPMA analysis (Figure 5.27). The EDS spot analysis 
was also conducted in order to determine the relative concentrations of the elements post 
leaching (Figure 5.28). The results showed heterogenous leaching within the samples with 
varying isolated domains occuring that contained differing amounts of Th, U, S and Fe, 
therefore suggesting the formation of various sub-products (Th, U and Fe- sulphates and 
oxides) on the surface of the material similar to the results obtained for the Th-doped UO2 
residue analysis. Therefore it can be hypothesised that the decrease in rate and percentage 
dissolution caused by Th doping could be two-fold with an increased bulk stability causing 
greater resistance to leaching and the formation of Th precipitates on the surface of the 
material causing a passivation layer which prevented the electron exchange between the 
primary oxidants (FeIII and UO2), with the dissolution process corresponding to a diffusion 
process through a thorium phase layer.    
 
 
 
Figure 5.25: EPMA analysis of Th doped UO2 leach residue 
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Figure 5.26:  Elemental Mapping of Th-doped UO2 leach residue 
Fe 
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Figure 5.27:  SEM of Th doped UO2 pre and post leach residue ((a) pre-leach 100 µm; (b) pre-
leach 50 µm; (c) post-leach 100 µm; (d) post-leach 50 µm; (e) post-leach 20 µm)  
(a) (b) 
(c) (d) 
(e) 
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Figure 5.28: EDS spot analysis of Th-UO2 leach residue; (a) primarily Th, U and O present; 
(b) primarily S, U, Th and O present; (c) primarily S, U with trace level Th and O present 
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5.5.2.1. Effect of Fe (FeIII/II) and solution ORP on Th-UO2 dissolution 
 
A number of dissolution tests were conducted to investigate the influence of [FeIII], [FeII], 
[Fe]TOT and solution ORP on Th-UO2 dissolution using reaction conditions very similar to 
those conducted on pure UO2 and Pb-UO2. The conditions used in these tests are given in 
Tables 5.7 and 5.8 respectively. The initial solution ORP for each test was maintained 
throughout by addition of 4% (w/w) NaClO3 solution. The initial Th-UO2 slurry concentration 
used (100 mg/L as U) was chosen in order to replicate similar reaction conditions that were 
used to investigate pure UO2 and Pb-UO2, and therefore provide data on the effect of Th 
doping. The other main reaction conditions used, reaction temperature (50°C) and acid 
concentration (15g/L H2SO4) was similar to those encountered in current ore processing 
conditions [27, 28]. The surface area of the Th-UO2 used in all tests was 71.4 m2 g measured 
by BET technique. 
 
Table 5.7:  Fe concentrations and ORPs investigated on Th-UO2 dissolution 
Test  [FeIII] M*  [FeII] M*  FeIII:FeII  [FeTOT] M*   ORP (mV vs. Ag/AgCl) 
29 1.05E-03 0.00E+00 100 to 0 1.05E-03 565 
30 1.05E-03 1.05E-03 50 to 50 2.10E-03 530 
31 1.05E-03 2.10E-03 33 to 66 3.16E-03 495 
32 1.05E-03 3.16E-03 25 to 75 4.21E-03 460 
33 1.05E-03 2.00E-02 5 to 95 2.10E-02 420 
34 1.05E-03 1.04E-01 1 to 99 1.05E-01 380 
35 2.10E-03 0.00E+00 100 to 0 2.10E-03 565 
36 2.10E-03 2.10E-03 50 to 50 4.21E-03 530 
37 2.10E-03 4.21E-03 33 to 66 6.31E-03 495 
38 2.10E-03 6.31E-03 25 to 75 8.42E-03 460 
39 2.10E-03 4.00E-02 5 to 95 4.21E-02 420 
40 2.10E-03 2.08E-01 1 to 99 2.10E-01 380 
41 4.21E-03 0.00E+00 100 to 0 4.21E-03 565 
42 4.21E-03 4.21E-03 50 to 50 8.42E-03 530 
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43 4.21E-03 8.42E-03 33 to 66 1.26E-02 495 
44 4.21E-03 1.26E-02 25 to 75 1.68E-02 460 
45 4.21E-03 8.00E-02 5 to 95 8.42E-02 420 
46 4.21E-03 4.17E-01 1 to 99 4.21E-01 380 
47 7.37E-03 0.00E+00 100 to 0 7.37E-03 565 
48 7.37E-03 7.37E-03 50 to 50 1.47E-02 530 
49 7.37E-03 1.47E-02 33 to 66 2.21E-02 495 
50 7.37E-03 2.21E-02 25 to 75 2.95E-02 460 
51 7.37E-03 1.40E-01 5 to 95 1.47E-01 420 
52 7.37E-03 7.29E-01 1 to 99 7.37E-01 380 
53 1.05E-03 3.16E-03 25 to 75 4.21E-03 460 
54 2.10E-03 6.31E-03 25 to 75 8.42E-03 460 
55 4.21E-03 1.26E-02 25 to 75 1.68E-02 460 
56 7.37E-03 2.21E-02 25 to 75 2.95E-02 460 
* Based on quantities of FeIII and FeII salts added at beginning of tests 
 
Table 5.8: Conditions held constant for all dissolution tests. 
Parameter Values 
[H2SO4] 15 g/L (0.15 M) 
Particle size < 75 µm 
Initial Th-UO2 100 mg/L; 4.2 × 10-4M 
Temperature 50°C 
  
5.5.2.1.1. Th-UO2 dissolution kinetics 
 
Analysis of the data obtained for the dissolution tests conducted showed that Th-UO2 
dissolution in all tests most closely followed first-order kinetics. The dissolution curves 
obtained for four of the tests conducted and the corresponding plots of ln [U]t/[U]0 vs. time are 
given in Figures 5.39 and 5.40 respectively. The observed first-order kinetics were in 
agreement with the studies on pure UO2 (section 3.4.6) and Pb-UO2 (preceding section).  
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Figure 5.29: Percentage U dissolved vs. time for Th-doped UO2 tests 1, 5, 15 and 23 (refer to 
Tables 5.7 and 5.8 for test conditions). 
 
 
Figure 5.30:  Plot of Ln[U]/[U0] vs. time (min) for tests 1,5, 15 and 23 (refer to Tables 5.7  and 
5.8 for test conditions). 
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5.5.2.1.2. Effect of [Fe]TOT on Th-UO2 dissolution under conditions of constant ORP and 
differing ORP 
 
As stated previously, in section 3.4.6 and the preceding section, [FeIII], [FeII] and solution 
ORP were very closely related, with solution ORP being heavily reliant on the [FeIII]: [FeII] 
ratio. Hence it was decided to investigate the influence of [Fe]TOT on Th-UO2 dissolution in 
acidic solution at six different ORPs similar to the studies on pure UO2 and Pb-UO2 (Tests 29-
52, Table 5.7) (Figure. 5.31.).   
 
As illustrated in Figure. 5.31., there was an approximately linear dependence of the Th-UO2 
dissolution rate on [Fe]TOT for each of the system ORPs tested. At ORPs of 565mV, 530mV, 
495mV and 460mV there was a very strong dependence of the dissolution rate on [Fe]TOT 
where slight increases in [Fe]TOT led to significant increases in the rate of Th-UO2 dissolution 
under the conditions used. At an ORP of 420mV and below , the dependency of the Th-UO2 
dissolution rate on [Fe]TOT was significantly lower.  The rapid change in the dependence of the 
Th-UO2 dissolution rate on [Fe]TOT in the systems of varying ORP investigated was clearly 
observed in Figure 5.32 which showed the relationship between the order of dependence of the 
dissolution reaction on Fe versus the ORP. The results obtained for the Th-UO2 obtained were 
in good agreement with those obtained for UO2 and Pb-UO2, indicating that the method of 
electron transfer between FeIII and Th-UO2 was very similar to the electron transfer between 
FeIII and UO2. 
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Figure 5.31:  Plot of  Th-UO2 dissolution rate  vs total [Fe] M (refer to Table 5.7  for reaction 
conditions). 
 
Figure 5.32:  Order of Th-UO2 dissolution with respect to Fe concentration vs solution ORP. 
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The rate orders (Figure 5.32), were plotted for the reaction conditions used in this and 
compared with reaction conditions using pure UO2 and Pb-UO2. The results obtained were 
consistent with those observed for UO2 and Pb-UO2, with a similar step change occuring 
between an ORP ≥ 420 and ≤ 460 mV. The rate orders were lower for the 380mV and 420mV 
ORP’s, compared to those observed using Pb-UO2. Therefore it was concluded that similar to 
Pb-UO2, changing ORP had minimal influence on the rate of dissolution, but wasn’t a primary 
factor governing the reaction rate of Th-UO2. 
 
Based on the results obtained on the influence of total Fe at different ORPs that showed the 
order of dependence was at a maximum at an ORP of >420 - ~460 mV it was decided to 
investigate the effecte of total [Fe] on the Th-UO2 dissolution rate at a constant solution ORP 
of 460 mV (Tests 53-56, Table 5.7). The results, presented in Figure 5.33, indicated that the 
dependence of the Th-UO2 dissolution rate on [Fe] was essentially linear over the entire range 
studied at an ORP of 460mV. Therefore increasing U/Th dissolution was directly proportional 
to increasing Fe concentration. The current results concurred with those obtained for UO2 and 
Pb-UO2 
 
 
Figure 5.33: Th-UO2 dissolution rate vs total Fe for solutions at an ORP of 460 mV 
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Further studies were conducted in order to determine the multiple regions of dependency of 
the Th-UO2 dissolution rate by determining the specific influence of FeII under the conditions 
of interest. The results obtained were compared with those obtained by Nicol et al., [29]; and 
previous studies on pure UO2 (section 3.4.6) and Pb-UO2 (preceding section) . The studies on 
Th-UO2 showed two distinct regions of dissolution rate dependency and dependence on [FeII] 
even at very low concentrations, which was in good correlation to aforementioned studies on 
UO2 and Pb-UO2 (Figure 5.34).  
   
Figure 5.34:   Log Th- UO2 dissolution rate vs [FeII] at four fixed FeIII concentrations. 
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did not have a significant effect on the lattice structure whilst the Th-doping on the other hand 
significantly altered the ratios of the intensities of the key diffraction lines. The HT-XRD 
results, showed that at 600°C, the Pb-UO2 was converted to UO3. In the case of Th-doped 
UO2, the results indicated that at 700°C, severe damage to the Th-doped UO2 crystal lattice 
occured. The elemental mapping, SEM and EPMA analysis indicated homogenous mixing and 
confirmed formation of the bulk product with slight surface modifications. The Pb doped 
material was given the nominal formula 𝑈0.96𝐼𝑉 𝑃𝑏0.06𝐼𝐼 𝑂1.98 with 4.7% Pb doping, while the Th 
doped material was given the nominal formula𝑈0.80𝐼𝑉 𝑇ℎ0.50𝐼𝑉 𝑂1.70 with 19.5% Th doping.   
 
Pb-doped UO2 dissolution studies demonstrated approximately 71% U dissolution over a 
leach period of 90 mins, under the conditions studied. The decrease in dissolution compared to 
pure UO2 (85%) was postulated to be caused by a combination of factors including; (a) Pb 
reprecipating onto the surface of the UO2 as PbSO4, thereby forming a passivation layer which 
in turn reduced the rate of reaction between FeIII and UO2;  (b) lead production coupled with 
auto-oxidation, leading to the formation of several new Pb-uranyl secondary minerals that are 
unsuscepetible to leaching under the reaction conditions used; and or (c) the consumption of 
leachant caused by the preferential removal and complexation with Pb to form the sulphate. 
The dissolution kinetics results indicated that Pb-UO2 dissolution in all tests most closely 
followed first-order kinetics. The observed first-order kinetics was in agreement with those 
observed for UO2 dissolution. There was an approximately linear dependence of the Pb-UO2 
dissolution rate on [Fe]TOT for each of the system ORPs tested with the rate orders indicating a 
step change between an ORP  ≥420 and ≤460 mV. The specific influence of FeII showed that 
the Pb-UO2, exhibited two distinct regions of dissolution rate dependency similar to the pure 
UO2. 
 
Th-doped UO2 dissolution studies demonstrated approximately 50% U dissolution over a 
leach period of 90 mins, under the conditions studied. It can be hypothesised that the decrease 
in Th-doped UO2 dissolution compared to  Pb- UO2 (71%) and pure UO2 (86%) was due to 
combination of factors including; (a) increased stability of the Th-UO2 that is resistant to 
leaching under the reaction conditions used; (b) The Th could be initially mobilised and 
liberated from the structure to form a passivation layer on the surface of the material similar to 
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that occuring in the case of Pb, (c) the consumption of leachant caused by the preferential 
removal and complexation with Th to form the sulphate and (d) differences in the amount of 
doping (~5% Pb compared to ~20% Th). The dissolution kinetics data obtained from the 
dissolution tests showed that Th-UO2 dissolution in all tests most closely followed first-order 
kinetics which was in agreement with the studies on pure UO2 and Pb-UO2. The rate orders 
indicated a step change between an ORP ≥420 and ≤460 mV which concurred with previous 
studies on pure UO2 and Pb-UO2. The specific influence of FeII indicated two distinct regions 
of dissolution rate dependency for the Th-UO2, similar to pure UO2 and Pb-UO2. 
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CHAPTER 6 
 
Characterization and dissolution of 
natural uraninite 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Natural uraninites contain a number of cationic impurities and gangue minerals. In this 
chapter, three natural uraninite samples were extensively characterised to identify their key 
impurities / gangue mineralogy. . The influences of standard parameters (temperature, 
particle size, [H2SO4], Fe concentration and oxidation-reduction potential) on the 
dissolution of these natural uraninite samples were also investigated. A greater 
understanding of the complex chemistry occurring in these natural systems will enable 
further cognizant dissolution studies in order to extract U from these minerals.  
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6.1. Introduction 
 
As previously discussed uraninite that contains U(IV) exclusively is not known in 
nature. A portion of the uranium in uraninite is always partially oxidised giving the general 
formula UO2+x, with x in the range 0.0 to 0.25-0.30 [1]. In addition, natural uraninites 
contain impurities due to cationic substitution and / or decay of the uranium isotopes 238U 
and 235U into radiogenic lead (and other radiogenic daughter products).  
  
Characterisation of natural uraninites have previously been conducted using a variety of 
techniques, for example, optical microscopy [2], scanning electron microscopy [3, 4], 
inductively coupled plasma and atomic emission spectroscopy [5], electron probe 
microanalysis, EPMA, [2, 3, 6-12], X-ray diffraction, XRD [4, 13, 14], X-ray 
photoelectron spectroscopy, XPS [4, 5], particle-induced x-ray emission analysis, PIXE 
[3], spectrophotometric studies [15], micro-raman spectroscopy, MRS [16, 17] and 
secondary ion mass spectrometry, SIMS [18]. Finch et al. [2], conducted studies using 
EPMA and XRD to determine the corrosion and alteration of natural uraninites under 
oxidising condition and concluded that uraninite can contain a significant amount of 
radiogenic Pb, and Pb-uranyl oxide hydrates (Pb-UOH) are the most common corrosion 
products formed by the oxidative alteration of Pb-bearing uraninites. They postulated that 
the most common end product of Pb-UOH alteration is curite Pb3(UO2)8O8(OH)6·3(H2O), 
which may provide surface nucleation sites for certain uranyl phosphates, thereby 
enhancing their formation.  
 
Janeczek et al. [19], investigated the behavior of uraninite from two natural analogue 
sites: Oklo, Gabon and Cigar Lake, Canada under hydrothermal, reducing conditions using 
ESEM, EPMA and XRD. They determined that under reducing conditions, in the presence 
of saline hydrothermal solutions, uraninite may be altered through dissolution, preferential 
loss of lead and / or Y and REE, and coffinitization. In addition to uraninite dissolution, 
coffinitization resulted in U, Pb, and REE release. Fayek et al. [20], identified three stages 
of U mineralization based on cross-cutting relationships and textures observed in thin 
section and back-scattered electron (BSE) images, O isotope data and chemical 
compositions. They concluded that all three stages of U mineralization were variably 
altered to Ca-rich, U-hydrate minerals or uranyl oxide hydrate minerals and coffinite  
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Teterin et al.[21], conducted studies on synthetic and natural uranium oxids UOx 
(2≤x≤3), with XPS to determine the phase composition and content of uranium ions in 
uraninites with varying degree of oxidation. They observed strong hybridization of U6p and 
O2s orbitals with the values of U-O bond lengths in some natural substances found to be 
smaller than those in synthetic U(VI) oxide. They suggested that the oxides U2O5 and U3O8 
contain two types of uranium ions with a varying degree of oxidation. Pourcelot [22], 
conducted mineralogical, chemical and oxygen isotopic analyses using XRD and EPMA in 
order to determine the stability of the uraninites in weathering conditions. Their results 
showed that the alteration of uraninites by meteoric waters affected the cell parameters and 
the chemistry of the uraninites but not the oxygen isotopic composition. However, there 
are relatively few studies of uraninite and its associated gangue and / or alteration products 
that combine a number of these techniques.   
 
Although numerous dissolution studies (on the effect of standard parameters and in 
natural analogues) have been conducted on uraninite ores [2, 19, 23-32], the results 
obtained are varied, due to the vast differences in structure and chemistry of uraninite 
across different regions. Grandstaff [27], investigated the dissolution of six natural 
uraninite samples (four samples of pegmatitic uraninite, and two samples from Blind 
River-Elliot Lake, Ontario, Canada and the Vaal Reefs West mine, Klerksdorp, 
Witwatersrand, South Africa). The variables investigated included temperature, pH, PCO2, 
PO2, presence of inorganic ions and organic species, surface area, stirring rate, solution 
volume and uraninite composition. The effect of uraninite composition in distilled water 
under ambient air (23 °C and 2 °C) showed a wide variation of reaction rate. For instance, 
one of the pegmatitic uraninite samples oxidized at a rate approximately 350 times faster 
than the ore sample from Witwatersrand. Because of the complex chemical system 
involved in the uraninite samples, no unequivocal interpretation of the nature of the 
relationship between variation in chemistry and variation of reaction rate could be made. 
Several mechanisms were proposed to explain the data but conclusions were empirical and 
tentative. Grandstaff [27], also reported that the oxidation state of the uranium in the 
natural uraninites, its chemistry, and differences in crystallinity could also influence the 
rate of dissolution. 
Ring [23], conducted sulphuric acid leaching studies of uraninite-dominated ores from a 
number of Australian deposits (Ranger, Nabarlek and Koongarra all within the Alligator 
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Rivers region) as well as a uranium-rich copper tailings concentrate from the Roxby 
Downs (Olympic Dam) deposit. The three ores from the Alligator Rivers region all had 
uraninite or pitchblende as the primary uranium mineral although some uranium was 
present as brannerite, and unidentified uranium-titanium, -phosphate and -silicate minerals. 
The gangue mineralogy was similar largely consisting of quartz-chlorite and muscovite-
chlorite schists. All three ores were all readily amenable to conventional sulphuric acid 
leaching (T=35-40 °C, time=16-24 hrs, pH=1.5-2.0, redox potential of ~475 mV and acid 
addition 37-55 kg t-1 ore) with variations in temperature and pH had the most influence in 
determining the most suitable leaching conditions. The presence of refractory uranium 
minerals, which were not leached under conventional conditions, limited uranium 
extraction to 90-96%. In comparison, the leaching characteristics of the Roxby Downs 
copper-uranium tailings residue differed considerably from the Alligator Rivers ores 
because of the different gangue composition and uranium mineralogy. The Roxby Downs 
ore had both uraninite and brannerite as the primary uranium minerals while the gangue 
was made up of quartz, sericite, hematite and minor barite and fluorite. The extraction of 
uranium from the refractory uranium minerals in this ore required leaching at 55 °C and a 
redox potential of ~650mV. Similar treatment of Alligator Rivers region ores did not affect 
uranium recoveries. 
 Casas et al., [26], also conducted studies on natural uraninite samples from Cigar Lake, 
Canada (45-55% uraninite), Jachymov, Czech Republic (85-90% uraninite), and Oklo, 
Gabon (90-95% uraninite) and observed highest uranium solubilities from the Oklo 
sample. They attributed the increased solubility to higher levels of radioactive decay in the 
Oklo sample which results in unique defects occurring on the surface of uraninites and 
isolated areas of amorphous material forming on grain boundaries. Lottering et al. [24], 
conducted acid leaching studies on three low grade uranium ores from the Vaal River 
region in South Africa. The uranium and gangue mineral distribution in the ores indicated 
that concentration of the primary uranium mineral, uraninite (UO2) varied between 42-53% 
in the three ores and the bulk mineralogy of quartz, muscovite, chlorite, pyrophyllite, 
pyrite and albite also slightly varied across the three samples. Results showed it was 
difficult to achieve uranium dissolutions higher than 90% under conventional uranium 
leaching conditions. This was attributed to the presence of refractory brannerite in the ores. 
Reagent consumption varied for the three ores as a result of changes in the gangue mineral 
content with chlorite found to be the major acid consumer.  
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While several uranium extraction studies have been conducted on naturally-occurring 
uraninite ores, this brief review has demonstrated that results are variable being strongly 
dependent on differences in structure and chemistry of the host uraninite, the composition 
of any associated uranium-containing minerals and the gangue mineral content.  
The aims of the studies reported in this chapter were as follows:  a) to investigate 
differences in structure and composition between three naturally occurring uraninite 
samples, b) characterise the texture and composition of the gangue minerals associated 
with the uraninite, c) compare the high temperature oxidation of the natural uraninite 
samples in order to understand the mobility of impurities, and d) investigate the effect of 
standard parameters such (temperature, particle size, Fe concentration, oxidation potential 
and H2SO4 concentration) on the dissolution of natural uraninites. The characterisation of 
the uraninite samples was by inductively coupled plasma mass spectrometry (ICP-MS), 
powder XRD, in-situ high temperature x-ray diffraction (HT-XRD), SEM and EPMA. The 
results obtained from dissolution studies, which included analysis of leach residues from 
dissolution were compared to standard pure systems of synthetic UO2 dissolution.  
 
6.2. Experimental  
6.2.1. Materials 
Three natural uraninite samples were provided by Museum Victoria (Melbourne, 
Australia). They were originally sourced from an unknown deposit in the 
Johangeorgenstadt region, Saxony, Germany, and the Palette and El Sharana mines both 
located in the South Alligator Rivers region, Northern Territory, Australia. These samples 
are hereafter referred to as USG (Saxony), UPA (Palette) and UEA (El Sharana) 
respectively.  
 
The Palette deposit occurs within the South Alligator River mineral field. Uraninite 
occurrences are fault controlled and are located along the unconformable contact between 
carbonaceous chloritic shale and overlying sandstone. Mineralisation is mainly hosted by 
the Coronation Sandstone (Crick et al., [33]) in which veins of massive and nodular 
uraninite, native gold, and minor fine-grained hematite are surrounded by selvages of 
phosphouranylite, sericite and minor tourmaline (Thredgold, [34]). The age of the uraninite 
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mineralisation at Palette is variable ranging from 494 to 830 Ma (Greenhalgh et al., [35]; 
Chipley et al., [36]) however it is recognised that the uraninite is typically altered with 
extensive evidence for secondary uranium mineral formation. It is likely therefore that the 
variation in age represents resetting of isotopic temperatures with the lowermost ages 
representing reflecting post-mineralisation fluid interaction. 
 
The El Sharana deposit is located approximately 6 km WNW of Palette. Mineralisation 
is predominantly hosted within an interlayered cherty, ferruginous, and occasionally 
carbonaceous siltstone at an unconformity below the Coronation Sandstone, similar to the 
Palette deposit (Crick et al., [33]). Primary mineralisation occurs as pods and veins of 
massive uraninite (Valenta, [37]) and occasionally as large nodular aggregates that display 
radial concentric cracks (Crick et al., [33]). Gold, galena, and anglesite are reported to be 
common accessories in the El Sharana deposit (Chipley et al., [36]). Lead isotope dating 
gives age ranges of between 820 and 1855 Ma for the uraninite mineralisation (Chipley et 
al., [36]) although as for the Palette uraninite, fine-scale alteration of the material likely 
caused resetting of the U-Pb dating systematics. 
 
The provenance of the uraninite from Johangeorgenstadt is unknown however Viebig 
(referenced in Bastin et al. [38]) indicated uraninite in the region was associated with veins 
of arsenopyrite, cobaltite, native bismuth, quartz, dolomite siderite, calcite and rarely barite 
and fluorite. Kidney-shaped and concentric forms of uraninite were noted to be common. 
 
Sulphuric acid [H2SO4] (98% AR grade, Merck Ltd), ferric sulphate [Fe2(SO4)3·5H2O] 
(Lab Reagent, Ajax Chemicals), ferrous sulphate [FeSO4·7H2O] (AnalaR Chem-Supply 
Ltd) , sodium chlorate [NaClO3] (99+%) (Sigma-Aldrich), 1000 ppm uranium ICP-MS 
standard (AccuStandard), nitric acid [HNO3] (70% AR grade) (Merck Ltd). Milli-Q water 
was used to prepare all solutions.  
 
6.2.2. Methods 
The following methods that were used to conduct the research presented in this chapter 
(dissolution test procedure, acid digestion test procedure, XRD analysis, ESEM analysis 
and ICP-MS analysis) are given in Chapter 2. 
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6.2.2.1. Electron Probe Microanalysis (EPMA) 
 
Two types of EPMA information were obtained. Initially, the three samples were 
mapped using a high resolution Field Emission Gun (FEG) equipped EPMA (JEOL 8500F 
Hyperprobe). This was done in order to: 1) locate individual uraninite grains and examine 
their distribution and, 2) to examine the chemical homogeneity of the uraninite grains. 
Following mapping by FEG-EPMA, the samples were examined by quantitative EPMA 
techniques using a JEOL 8900 Superprobe to determine the chemistry of the uraninites. 
The operating conditions for each of the techniques and the instruments are described 
separately below. 
EPMA mapping –  
 
The polished samples were initially inspected using high contrast back scattered 
electron (BSE) imaging to locate regions of high uraninite concentration and then selected 
areas were mapped using a combination of wavelength dispersive (WD) and energy 
dispersive (ED) spectroscopic techniques. The elements mapped using the WD 
spectroscopic techniques were U, O, Ca, Si and Pb. The elements Ca, Si and Pb were 
included in the mapping dataset to check for the substitution of Ca (e.g. Frondel, [39]) and 
Si (e.g. Alexandre et al., [40]) also for the presence of secondary radiogenic lead. 
Standards used to calibrate the EPMA WD spectrometers prior to mapping were: 
wollastonite (CaSiO3 – for Ca and Si), synthetic uranium oxide (UO2 for U and O), and 
galena (PbS – for Pb). Elements that were not measured by WD spectroscopy were 
measured using two energy-dispersive (ED) spectrometers operating in parallel. Measuring 
both ED and WD signals simultaneously ensured that the complete chemical spectrum, at 
each step interval in the map, was obtained. This additional information was important 
when trying to identify phases that contained elements not present in the main WD element 
map suite. Operating conditions for the microprobe during mapping were an accelerating 
voltage of 10 kV, a current of 40 nA, a step size of between 0.2-2.0 µm and counting times 
of 20 msec per step. The choice of step size was based on a compromise between 
maximising the number of particles analysed and ensuring any fine-grained U-rich mineral 
phases were located.   
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The element distribution data obtained by mapping were manipulated using the software 
package CHIMAGE (Harrowfield et al., [41]) which incorporates an automated clustering 
algorithm that identifies chemically alike phases (Wilson et al., [42] ). The clustering 
procedure used was a multi-element data analysis approach whereby the groupings of 
elements identified via the clustering algorithm represented statistically different chemical 
/ mineral phases. These phases were then overlaid onto the mapped region to provide a 
“phase-patched” map showing the distribution of all chemical / mineral phases within the 
mapped area. 
 
Quantitative analyses –  
 
The chemical composition of each uraninite sample was quantitatively determined using 
a JEOL 8900 Superprobe Electron Probe Microanalyser (EPMA). The accelerating voltage 
and beam current were 12kV and 10nA, respectively, and the suite of elements analysed 
included: Fe, Pb, Si, U, Ti, Th, P, Ca, As, S and O. A separate energy-dispersive system 
was used during the analyses to check for the presence of other elements. Additional 
EPMA parameters including X-ray lines used, standards, counting times (on peak and 
background) and detection limits (2σ) are listed in Table 6.1. The electron beam diameter 
was defocused to 5 μm for analyses. Even under these conditions, it was not possible to 
obtain analyses on some of the more beam sensitive alteration phases without inducing 
significant damage to the sample. 
 
All analysis positions were verified as being homogeneous and flat by viewing the 
secondary electron image of the area to be analysed (at 5000x magnification). Elemental 
analyses were corrected for atomic number (Z), absorption (A) and fluorescence (F) using 
the PAP procedure of Pouchou et al [43-45]. 
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Table 6.1: EPMA operating parameters for quantitative uraninite analyses. For the 
standards, n=natural; s= synthetic. 
Element 
measured 
Standard X-ray 
Line 
Counting Time 
(sec) 
Peak/Background 
Detection 
Limit 
(ppm) 
U UO2 – uraninite (n) Mα 4/2 8000 
Th ThO2 – thorite (n) Mα 10/5 2500 
Ti TiO2 – rutile (n) Kα 10/5 1050 
S PbSO4 – anglesite (n) Kα 10/5 1800 
Pb PbSO4 – anglesite (n) Mα 10/5 5050 
Ca CaSiO3 – wollastonite 
(n) 
Kα 10/5 650 
Fe Fe2O3 – hematite (s) Kα 10/5 8550 
Si CaSiO3 – wollastonite 
(n) 
Kα 8/4 750 
As GaAs – gallium arsenide 
(s) 
Lα 10/5 1850 
P AlPO4 – berlinite (n) Kα 8/4 1350 
Mn MnSiO3 – 
pyroxmanganite (n) 
Kα 10/5 4350 
 
Results and Discussion 
6.3. Characterisation studies- 
 
6.3.1. Bulk Chemistry 
The ICP-MS and ICP-OES results (Table 6.2) showed the presence of significant 
uranium in the three samples. Uraninite (pure, stoichiometric) contains 88.1% U however 
all samples contained levels of uranium well below the theoretical content. Of the three, 
the USG sample contained the lowest amount of uranium (38.9% U) indicating the sample 
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was impure and contained other mineral phases. Based on high levels of Zn, Pb, Fe and S 
these are most likely to be sulphides (although some Pb may be radiogenic in origin), while 
the presence of high Al and Si and minor Ca suggests the presence of silicate and / or 
aluminosilicate gangue minerals. Compared to USG, samples UPA and UEA had much 
higher uranium contents at 67.1% U and 73.1% U respectively, indicating greater purity. 
Both contained high lead contents (but low sulphur) likely to be radiogenic in origin due to 
the known age of the uranium mineralisation (see above). Of the two Australian samples, 
sample UEA did not contain many other impurities to any large extent however sample 
UPA contained minor Zn (possibly as a sulphide), P and Ca.  
 
Table 6.2: Summary of bulk chemical analysis data (wt.%) 
Element USG USG 
(heated) 
UPA UPA 
(heated) 
UEA UEA 
(heated) 
U 38.9 39.0 67.1 73.5 73.1 77.0 
Zn 7.48 9.87 1.49 1.01 0.01 0.003 
Si 4.53 5.70 0.09 0.07 0.33 0.22 
S 5.09 0.02 0.99 0.03 0.38 0.03 
P 0.08 0.08 1.59 1.08 0.30 0.23 
Pb 6.96 4.43 4.81 4.82 6.17 4.39 
Fe 5.53 5.90 0.48 0.23 0.42 0.44 
Al 2.05 3.12 0.48 0.14 0.11 0.09 
Bi 1.11 1.69 0.05 0.05 0.05 0.05 
As 0.59 0.36 0.25 0.19 0.32 0.03 
Ca 1.33 1.14 1.20 1.23 0.82 0.96 
K 0.32 0.70 0.01 0.01 0.03 0.02 
Mg 0.19 0.16 0.01 0.00 0.01 0.00 
Mn 0.24 0.25 0.06 0.09 0.10 0.11 
Na 0.08 0.09 0.09 0.11 0.12 0.13 
Sb 0.17 0.12 0.10 0.07 0.04 0.03 
Ti 0.05 0.06 0.03 0.03 0.08 0.07 
Sc 0.03 0.03 0.13 0.11 0.07 0.08 
V 0.05 0.06 0.09 0.10 0.04 0.04 
Cu 0.24 0.12 0.03 0.004 0.13 0.08 
Ni 0.01 0.002 0.001 0.0003 0.05 0.04 
Co 0.001 <0.0005 0.002 <0.0005 0.06 0.04 
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Cr 0.002 0.002 0.001 0.001 0.001 0.001 
Ag 0.015 0.021 0.003 0.003 0.002 0.001 
Sn 0.006 0.006 0.001 <0.0005 0.001 <0.0005 
Au <0.0005 <0.0005 0.04 0.04 0.009 0.002 
Y 0.19 0.18 0.07 0.08 0.08 0.09 
W 0.42 0.38 0.08 0.08 0.04 0.04 
Ce 0.04 0.05 0.0005 <0.0005 0.01 0.01 
La 0.008 0.01 <0.0005 <0.0005 0.001 0.001 
Nd 0.08 0.09 0.001 0.002 0.008 0.009 
Th 0.001 0.001 0.001 0.001 0.004 0.005 
 
6.3.2. X-ray Diffraction (XRD) 
  
X-ray diffraction results for the three natural samples are shown in Figure 6.1. The 
XRD results confirmed that the USG sample was the most impure of the three samples 
examined containing, in addition to uraninite, significant amounts of sphalerite and galena 
as well as minor chalcopyrite and carbonate (largely calcite but with some dolomite). The 
overall abundance of uraninite in the USG sample was low (based on a semi-quantitative 
analysis of the diffraction data) at around 35%. The mineralogy of the USG sample was 
consistent with the bulk chemistry which indicated relatively low U but elevated levels of 
Zn, Pb, Fe and S representing sulphide components. In contrast, sample UPA contained a 
large proportion of uraninite in addition to a second uranium-containing species, identified 
as meta-autunite Ca(UO2)2(PO4)2•2-6(H2O). The XRD pattern of the UPA uraninite 
indicated a low degree of crystallinity as evidenced by broad diffuse diffraction peaks. The 
broad peaks suggested the uraninite may have varying degrees of oxidation or be partially 
metamict. The final sample, UEA, also contained significant uraninite as well as other U-
rich phases including uranyl carbonate (rutherfordine – nominally (UO2)CO3) and possibly 
meta-autunite and a hydrated form of rutherfordine.  
 
Early annealing studies of uraninite (e.g. Brooker et al., [46]; Berman, [47]) indicated 
that upon heating in air to 900° C, uraninite was converted to U3O8 plus an unidentified 
phase, most likely UO2+x. Annealing of natural samples however, is expected to be more 
complex due to the presence of significant non-stoichiometry and defects caused by 
oxidation, α-decay damage and cationic substitution. In addition, the presence of gangue 
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minerals, either uranium-bearing or not, will likely cause additional complexity upon 
heating. 
  
Diffraction patterns for all three natural samples annealed in air at 1000° C for 24 hours 
are shown in Figure 6.1. Of the three heated samples, the pattern for sample USG is the 
most intricate due to the high level of gangue minerals present in the original sample. 
Phases identified in sample USG include: zinc silicate (Zn2SiO4, willemite); U3O8; trace 
U4O9, UO3 and unreacted UO2 and possibly trace amounts of a calcium-rich, uranium 
oxide phase. Some unidentified phases remain e.g. broad peak at ~41º 2θ. It is unclear as to 
whether such peaks represent additional phases or result from peak shift effects due to 
compositional variation. It was also noted that the background for sample USG was high 
suggesting the presence of either amorphous material or a melt phase. In comparison, the 
patterns for samples USG and UEA were less complex with both showing the presence of 
only U3O8, trace UO3 and possible trace unreacted UO2. As for sample USG there were 
indications of a possible calcium-rich, uranium oxide phase. 
 
The various uranium oxide phases formed during heating in air represent material 
produced through oxidation of the original uraninite as well from the dehydration / 
decomposition of other uranium-containing phases present in the original sample. The 
formation of additional uranium oxides from secondary uranium minerals was also evident 
from the analysis of the in situ high temperature diffraction results for the UPA sample 
(Figure 6.2) where systematic changes were observed in the phases present as the sample 
was heated from 50° C to 1000º C. Initial changes were associated with the dehydration of 
meta-autunite where the 001 diffraction peak at ~10º 2θ gradually shifted to higher 2θ 
values until finally disappearing between the interval 400-500° C. These changes are 
consistent with DTA measurements of Suzuki et al. [48] who noted that meta-autunite 
dehydrates in a series of stages between 300-500° C eventually forming anhydrous calcium 
uranyl phosphate at ~500° C. Between 500-800° C, a new phase was formed which has a 
main diffraction peak at ~15º 2θ. This phase likely represents the formation of the 
anhydrous calcium uranyl phosphate although a standard diffraction pattern for this phase 
was not present in the ICDD database. Once a temperature of 900° C was attained another 
phase forms with a minor amount of UO2 remaining. The new phase is U3O8 indicating 
that the UO2 has been oxidized. By 1000º C, no trace of the original UO2 remains.  
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Figure 6.1: X-ray diffraction patterns for the unheated, natural uraninite samples (patterns 
a-c). Peak positions for the key uranium-containing minerals uraninite, meta-autunite (M) 
and rutherfordine (R) are provided for comparison. The USG sample was dominated by the 
presence of sulphides G = galena and S = sphalerite. Note that the position of the sphalerite 
peaks in the USG sample partially masks the presence of uraninite. The heated samples 
(patterns d-f) showed conversion of uraninite to U3O8 in all samples however sample USG 
also contained a significant amount of zinc silicate (Z). Peak positions for these latter two 
phases are also shown.  
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Figure 6.2: Series of in situ XRD plots for sample UPA showing the changes in uranium 
mineralogy as the sample is heated from room temperature to 1000 °C. Between 50-500 °C 
the meta-autunite progressively become dehydrated (shaded band at left), while the 
uraninite remains present till at least 900 °C (shaded band in centre). At 900 °C, U3O8 is 
formed from oxidation of uraninite – U3O8 is the major phase present at 1000 °C (indicated 
by the symbol U). The unidentified peak at ~15º 2θ is believed to represent a calcium 
uranyl phosphate phase. 
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6.3.3. Scanning Electron Microscopy (SEM) 
6.3.3.1. Textures in natural samples 
 
Uraninite is known to be a chemically reactive mineral and readily exchanges elements 
or recrystallises during post crystallisation fluid-circulation events (Grandstaff [27]; Finch 
et al [2]; Kotzer et al [49]. Previous SEM and EPMA studies by Isobe et al [50], Janeczek 
et al [6] and Kempe [51], have demonstrated that most natural uraninite is therefore 
chemically heterogeneous at the micrometer scale.  
The morphology and textures of the uraninite and associated gangue minerals in the 
three uraninite samples were examined using SEM techniques. Images are provided in 
Figures 6.3-6.5 as back-scattered electron (BSE) photomicrographs where compositional 
variation is revealed by changes in backscatter image contrast i.e. materials with higher 
average atomic weight appear brighter in backscatter contrast. Results from each of the 
three samples are discussed separately below. 
 
USG – Images shown in Figure 6.3a-b indicate the uraninite sample USG is 
mineralogically heterogeneous with a high proportion of gangue mineral grains associated 
with the uraninite. Semi-quantitative energy dispersive (ED) analysis of the gangue 
minerals indicated the main impurity phases included zinc sulphide, two unidentified 
aluminosilicates (one Fe-rich and the other impurity free), plus minor CuFe, Pb and 
bismuth sulphides. The uraninite in sample USG shows a number of different textural 
types. In some grains the uraninite exhibits a euhedral texture with sharp, distinct grains 
boundaries (e.g. parts of uraninite grains shown in Figs 6.3d-e), in other grains the 
uraninite appears to have been extensively fractured by veins consisting of a mixture of 
zinc sulphide, aluminosilicates (Fig. 6.3c) and minor lead sulphide. Elsewhere the uraninite 
shows evidence of alteration through the presence of microfracturing and microporosity. 
The latter type of uraninite grains exhibit a mottled texture indicative of alteration during 
fluid events that occurred subsequent to original crystallization. A magnified view of a 
highly altered region of uraninite is shown in Figure 6.3f. The image shows original, 
primary uraninite (Pb- and Ca-rich) being altered around the edges to a uraninite phase that 
has lower reflectivity due to the presence of increased impurities including Si and Fe and 
depletion in Pb. Surrounding the uraninite and its alteration rim are zinc sulphide (a vein-
filled fracture), unidentified aluminosilicates and minor lead sulphide. 
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UPA – compared to the uraninite sample from Germany, the UPA uraninite shown in 
Figure 6.4 is mineralogically homogeneous consisting almost entirely of uraninite (and 
altered uraninite) with only minor amounts of gangue minerals such as quartz and 
unidentified aluminosilicates (Fig. 6.4a). Under low magnification the uraninite typically 
appears homogeneous in texture with only minor mottling / darkening associated with 
microfractured parts of grains (Fig 6.4b). Close inspection of the microfractured regions 
however indicates significant alteration of the uraninite (Fig 6.4d).  The volume of the 
bright regions usually decreased toward the margins of the grains, but often a patchy 
pattern was observed. The primary uraninite appears bright in BSE contrast and ED 
analysis indicates a Pb- and Ca-rich composition. The alteration of the uraninite (slightly 
darker in BSE contrast) is associated with a decrease in Pb content. Uraninite also shows 
alteration / conversion to a U-rich phosphate phase which displays a characteristic plate-
like texture (Figs. 6.4b and 6.4c). Based on the XRD data, this phase is most likely meta-
autunite. The formation of the meta-autunite is associated with more pervasive alteration of 
the primary uraninite typically at the edges of uraninite grains or in pores within the 
uraninite. In some areas an Al-rich phosphate mineral occurs together with the meta-
autunite (Fig 6.4c). The Palette deposit is associated with gold mineralisation and small 
grains of gold were noted as inclusions within the altered uraninite grains (Fig. 6.4d). 
 
UEA – the uraninite sample from the El Sharana prospect exhibits a similar textural and 
mineralogical appearance as the material from Palette (Fig. 6.5a). The uraninite grains are 
extensively altered and intimately associated with U-rich and Al-rich phosphate minerals. 
These appear to occur as either veins (Fig. 6.5b), at edges, or within porous regions in the 
centre of the uraninite grains (Figs 6.5c and 6.5d). The uraninite itself appears patchily 
altered with bright, relatively unaltered microcrystals of uraninite surrounded by darker, 
more altered forms of uraninite (Fig. 6.5c). 
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Figure 6.3: Representative back-scattered electron (BSE) images of uraninite from 
Johangeorgenstadt Saxony, Germany (USG). Image a) shows a low magnification view of the 
sample highlighting the presence of significant gangue (Z = ZnS, S = unidentified 
aluminosilicate) amongst texturally inhomogeneous uraninite grains (U). Image b) shows the 
large, composite gangue mineral grain from a). There are two types of aluminosilicate present: 
one (darkest) is mainly Al-Si-O in composition whilst the slightly brighter phase contains some 
Fe as well. The small bright grains in image b) are lead sulfide. Images c) through d) show 
typical uraninite textures characterised by extensive alteration as a result of veining and 
fracture-fill or infiltration by fluid. A high magnification view of the uraninite particle in image 
e) is shown in image f). In this image, unaltered uraninite (U) shows alteration around the 
edges of grains to a darker Si-rich, Pb-depleted uraninite (Ua). Pb indicates the presence of 
lead sulphide. See text for further details.  
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Figure 6.4: Representative back-scattered electron (BSE) images of uraninite from the 
Palette deposit, Northern Territory (UPA). Images a) and b) under low magnification show 
a relatively homogeneous uraninite (U) texture with only minor mottling/darkening 
associated with alteration of the uraninite towards microfractured and porous parts of 
grains. High magnification (image d) shows alteration of the uraninite (Ua – slightly darker 
in BSE contrast) and alteration/conversion to a U-rich phosphate (Up) phase, meta-autunite 
(see also images b and c). In some areas an Al-rich phosphate (Alp) mineral occurs 
together with the meta-autunite (image c). Small grains of gold (Au) were present within 
the altered uraninite grains (image d). Other symbols used; Q = quartz, Zn = zinc sulphide. 
See text for further details 
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Figure 6.5: Representative back-scattered electron (BSE) images of uraninite from the El 
Sharana deposit, Northern Territory (UEA). Image a) is a low magnification view of the 
sample which indicates the sample is mainly composed of uraninite (U) and altered 
uraninite (Ua) particles and with lesser amounts of a U-rich phosphate (Up – darker phase 
in images a) and b) around the edges of the uraninite or within pores. The uraninite has a 
mottled texture indicating extensive alteration (image c). In patches, the U-rich phosphate 
is also associated with an Al-rich phosphate (Alp) mineral (image d). 
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6.3.3.2. Textures in samples heated to 1000° C 
Heating of the three uraninite samples to 1000° C in air for 8 hrs caused significant 
changes in both the textures and types of phases present. For the USG sample, the most 
compositionally impure natural uraninite sample previously identified uraninite-rich 
regions showed extensive recrystallisation and segregation of phases (Fig. 6.6a). At least 
three separate uranium oxide phases were identified to have formed. These differed 
significantly in texture and compositional analysis by ED spectroscopy indicated they 
differed compositionally as well. The first phase was almost pure uranium oxide (brightest, 
subhedral phase in Fig. 6.6a) without evidence of significant impurity element 
incorporation. The second uraninite (or ‘uraninite-like’) phase was slightly darker in BSE 
contrast, formed characteristically rounded grain textures and contained elevated Ca levels 
while the third phase formed elongated, needle-like crystals. The composition of the 
needles was distinguished from the previous uraninite phases through having high Pb 
levels. In addition to these main uranium-bearing species, the U-rich patches contained a 
silicate phase (small, dark rounded grains in Fig. 6.6a) with minor to trace Al, Pb and K 
and an interstitial melt (grey phase in Fig. 6.6a). The composition of the melt was 
dominated by a large suite of elements including Si-O-Pb-Al-Zn-U and Ca. Heating of 
particles that were originally Zn-rich produced textures as shown in Figure 6b. Most of the 
Zn is contained within recrystallised, euhedral crystals of a Zn-rich silicate; the uranium 
was present in an unidentified U-Pb-Ca-Zn phase while a silicate-rich melt was also 
present. The melt phase appears to be compositionally similar to that observed surrounding 
the U-rich particles of Fig. 6.6a. 
Textures and phases present within heated versions of the UPA and UEA samples were 
similar. Uraninite-dominated regions in the original samples formed recrystallised 
assemblages as shown in Figure 6.6c from sample UPA. ED analysis indicated at least 
three separate mineral phases present; a well crystallised, euhedral pure uranium oxide 
phase (brightest phase in Fig. 6.6c); a less pure uranium oxide containing Pb and Ca as 
impurities (grey phase in Fig. 6.6c); and an interstitial melt phase (darkest phase in Fig. 
6.6c). The melt phase was silicate-rich, compositionally heterogeneous containing 
significant, but variable, levels of impurities including Pb-U-Ca-Zn and P. The original 
unheated UPA and UEA samples had selvages and pores with associated U- and / or Al-
phosphate phases. Figure 6d shows an interface between uraninite-rich and U-phosphate 
containing areas in heated sample UEA. The small, bright grains are recrystallised 
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uraninite. These are mixed with a slightly darker BSE contrasting phase which contains U 
with additional impurities including Pb, Ca and trace Si. The dark, well-defined crystals 
are a ZnAlFe oxide phase while surrounding all phases is a silicate melt phase. The silicate 
melt contains substantial amounts of impurities (Pb-U-Ca-Zn and P) but also contains 
needles and rod-like crystals (when viewed down the long axis these are visible as the 
bright spots in the silicate melt). The needles appear to be an impurity-rich uranium oxide 
phase containing minor Pb-Si-Ca and Al. The texture of this phase is similar to a rod-like 
eutectic phase indicative of precipitation from the melt during cooling. 
 
Figure 6.6: Representative back-scattered electron (BSE) images of uraninite samples 
heated to 1000 °C in air. Images a) and b) are from sample USG, image c) is from sample 
UPA and image d) is from sample UEA.  See text for a discussion of textures and mineral 
phases present. Key to symbols used: U = uranium oxide (no impurities); Uca = uranium 
oxide with Ca; UPC = uranium oxide with Pb and Ca impurities; Zs = Zn-rich silicate; Z= 
Zn-Al-Fe oxide and S = silicate-rich melt phase. 
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6.3.4. Electron Probe Microanalysis (EPMA) 
6.3.4.1. Mineralogy and textures in natural samples 
 
The mineralogy and textures of the uraninite in samples UEA and UPA are shown in 
Figure 6.7 for representative mapped areas. Results for sample UEA (Figs 6.7a-b) show a 
typical region containing uraninite with associated formation of secondary uranium 
mineralisation including a hydrated, altered uranyl oxide species, a Pb-rich 
uranylphosphate and a Pb/Al phosphate phase which also contains minor uranium. Other 
regions examined suggested that the Pb-rich uranylphosphate and a Pb/Al phosphate 
species tend to fill in pores within the uraninite. The texture of secondary phosphate 
minerals within the El Sharana deposit is indicative of infiltration by a phosphate-rich 
hydrothermal fluid. Minor galena, Cu-rich selenide and trace Co/Cu-rich, Co/Ni-rich and 
Fe-rich sulphides were also identified in the mapped area (not shown on Figure 6.7b). The 
uraninite shows evidence for extensive alteration and exhibits a characteristically mottled 
texture in the BSE image (Fig. 6.7a). Energy dispersive analysis on the mottled uraninite 
indicated that the darker contrast uraninite patches contained less U, Ca and Pb compared 
to the brighter regions suggesting that the alteration was associated with re-mobilisation of 
these elements. Examination of the oxygen distribution map (not shown) indicated that the 
uraninite also showed considerable variation in oxygen content in the altered versus 
unaltered regions consistent with varying levels of oxidation / hydration. 
 
The map results for sample UPA (Figs 6.7c-d) show part of a uraninite particle 
associated with meta-autunite and an unidentified Pb/Al phosphate phase (similar to the 
large uraninite grain previously shown in Fig. 6.5b). Minor phases also present in the 
sample included carbonates (calcite and dolomite), quartz, fluorapatite, trace gold, and 
various Zn/Fe/Cu sulphides. The meta-autunite is a pseudomorphic replacement of the 
more hydrated mineral autunite formed via dehydration in air (Suzuki et al, [48]). The 
dehydration results in large spacings between (001) cleavage planes and also appears to 
have affected the adjacent uraninite particle with the development of an extensive network 
of fractures / cracks. Although not evident in the phase-patched map shown in Figure 6.7d, 
the uraninite was pervasively altered (see areas of patchy contrast visible in the BSE 
image, Fig. 6.7c) indicative of chemical heterogeneity. The alteration appears very fine-
grained throughout most of the particle but is more widespread in regions closest to the 
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meta-autunite and Pb/Al phosphate suggesting that infiltration of phosphate-rich 
hydrothermal fluids was responsible. Energy dispersive analysis of the uraninite indicated 
that, as for the uraninite in sample UEA, the brightest BSE contrast regions contained more 
U, Ca and Pb compared to the darker BSE contrast regions which showed strong depletion 
in all three elements.  
 
Map results for sample USG confirmed the mineralogy was dominated by the sulphides 
sphalerite and galena. Uraninite was a minor constituent along with an unidentified Fe/Mg-
rich aluminosilicate (containing minor uranium when in close association with the 
uraninite), muscovite, coffinite and other sulphides including Bi sulphide (bismuthinite) 
and chalcopyrite. In order to examine in more detail the chemical effects associated with 
uraninite alteration, a high resolution map was obtained over an area of the USG sample 
that exhibited pervasive alteration (e.g. as previously seen in Fig. 6.3f). Results are 
provided in Figure 6.8. The uraninite exhibits significant depletion of U (Fig. 8c), O and 
Ca together with enrichment in Al at the edges of grains corresponding to dark BSE 
contrast areas in Figure 6.8a. There was not strong evidence of Pb depletion associated 
with alteration as previously noted in samples UEA and UPA however this was most likely 
due to the fact that the uraninite in the USG sample appeared to have less initial Pb. The 
rims also contained elevated levels of Si (Fig. 6.8d) most likely associated with an episode 
of hydrothermal fluid influx that also converted some of the uraninite into coffinite (Fig. 
6.7b). 
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Figure 6.7: Back-scattered electron (BSE) images and corresponding phase-patched 
mineral maps showing typical minerals and textures present in samples UEA and UPA. 
Images a) and b) are from sample UEA and images c) and d) are from sample UPA. Scale 
bar for each set of images represents 100 µm. 
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Figure 6.8: Back-scattered electron (BSE) image (a) and corresponding phase-patched 
mineral map (b) showing typical minerals and textures present in sample USG. Also shown 
are the element distribution maps for uranium (map c) and silicon (map d) Scale bar 
represents 50 µm while the colour bar at left shows the relative concentrations for the U 
and Si distribution maps. The darker grey mottled texture surrounding altered uraninite 
grains in image (a) represents highly altered uraninite characterised by depletion in U and 
Ca and enrichment in Si.  
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6.3.4.2. Quantitative analysis 
 
Electron probe microanalysis results from the three uraninite samples are given in Table 
6.3. For each sample, analyses are provided for the areas on uraninite grains that appear to 
be less altered (i.e. the brighter contrast areas in the BSE images) as well as areas that 
appear to have been extensively altered. It is noted that analysis totals are quite variable 
between altered and unaltered uraninite analyses. The low totals of some analyses are 
probably caused by a combination. The low totals may be due attributed to a combination 
of the following factors: (l) the presence of U6+; (2) the additive effects of trace amounts of 
elements not in the analytical program, especially the REEs; (3) microcracks and 
microporosity in the uraninite crystals; and (4) absorption and fluorescence not accounted 
for in the matrix correction procedure. Of these, microporosity and / or the presence of U6+ 
are the most likely factors contributing to low analysis totals. The presence of the uranyl 
ion, in particular, may partly account for low analytical totals and for apparent under 
population of the uranium site, because the data reduction programs did not allow for the 
presence of U6+. The altered uraninite regions were more susceptible to damage by the 
electron beam, even at the low accelerating voltages and beam currents employed, and this 
would also be a contributing factor to low analysis totals. Nonetheless, the data in Table 
6.3 are suitable for examining trends in compositions between altered and unaltered 
uraninite. 
 
Within samples UPA and UEA, the chemical analyses may be grouped into Pb-rich and 
Pb-depleted compositions. The Pb-rich compositions correlated with the least altered 
uraninite areas with maximum Pb contents in the range 4.7-4.9% Pb. The high levels of 
lead are likely to be secondary in origin and are consistent with the extreme age of the 
uranium mineralisation. In contrast the more altered uraninite regions contained 
significantly less Pb with contents between 2.8-3.8% Pb. Uranium was also depleted in the 
altered regions confirming the mobility of both elements during alteration. Both samples 
also contained high Ca contents in the unaltered uraninite (0.99% for UPA and 1.22% for 
UEA) consistent with this element entering the uraninite structure during its formation by 
substituting for U (Janeczek and Ewing, [13]). Alteration depleted the Ca content in the 
uraninite in both samples. For sample UEA it was also possible to obtain analyses on the 
uranyl oxide hydrate phase - see Table 6.3. The uranyl oxide hydrate appears to be an 
extreme form of altered uraninite showing strong depletion in U, Pb and Ca. 
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The uraninite present in sample USG was very different in composition than the two 
Australian examples. None of the analysed grains were free of impurities, including 
elements incompatible with the uraninite structure (e.g. Si and Fe). Compared to sample 
UEA and UPA, the Ca content was significantly higher at 2.0% in the unaltered regions 
however the Pb content was lower at 1.6%. The low Pb in the less altered uraninite 
supports a young age for the uraninite mineralisation. Compared to the unaltered uraninite, 
the altered material was characterised by having higher Fe, Pb, S and As and was 
significantly depleted in U and Ca. The high Pb in the uraninite is opposite to that observed 
in the UEA and UPA samples but may be related to the high abundance of galena in the 
sample. 
 
Table 6.3: Chemical composition (wt.%) of variably altered uraninite examined in this 
study, as determined by WD electron probe microanalysis. 
 
 
Element  USG UPA UEA 
 Unaltered Altered Unaltered Altered Unaltered Altered Hydrated 
Fe 0.42 3.91 n.d. n.d. 0.46 0.12 0.63 
Pb 1.60 3.58 4.97 3.77 4.73 2.77 0.82 
Si 0.07 0.96 n.d. n.d. 0.04 0.01 n.d. 
U 79.81 61.30 79.12 72.26 79.32 69.52 68.77 
Ti 0.16 0.18 0.02 0.02 0.06 0.06 0.01 
Th n.d. n.d. n.d. n.d. n.d. n.d. n.d. 
P 0.08 0.10 0.46 1.17 0.15 0.05 n.d. 
Ca 2.02 0.62 0.99 0.20 1.22 0.01 n.d. 
S 0.01 0.46 0.01 0.11 n.d. n.d. 0.01 
Mn 0.28 0.37 0.23 0.10 0.12 n.d. n.d. 
As 0.26 1.32 0.15 0.12 0.14 0.06 0.07 
        
Total 97.16 86.38 98.58 89.96 98.72 82.43 79.68 
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Summary of characterisation studies- 
 
The current study has confirmed that although uraninite is nominally given the simple 
formula UO2+x, naturally occurring uraninite in ores is chemically complex. The bulk 
analysis results indicated that all three samples contained significant amounts of uranium. 
However, uranium levels were well below the theoretical content for stoichiometric 
uraninite (88.1%) with the USG sample containing 38.9% U, the UPA sample containing 
67.1% U and the UEA sample containing 73.1% U.  Typically naturally-occurring 
uraninite is heavily substituted with other cations, is usually always partially oxidised and 
hydrated and also likely to be contaminated by associated gangue minerals. All three 
samples were contaminated with varying levels of Zn, Pb, Fe, S, P and Ca. The U+4:U+6 
ratio and interstitial oxygen content present in natural uraninites can be varied significantly 
upon heating (Frondel, [39]). Results from the current study also indicate that there are 
substantial changes in the grainsize and distribution of impurity elements after heating. As 
well, other less leachable uranium containing mineral phases that may be present can be 
dehydrated through heating of the sample enabling them to be converted to the more 
readily processed uraninite. Previous uraninite solubility testwork by Opel et al [52] has 
demonstrated that the change in lattice structure and crystallite size caused by heat 
treatment can also significantly alter the dissolution chemistry [52].  
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6.4. Dissolution studies on natural uraninite (UPA and UEA)  
A series of dissolution experiments were conducted on the natural uraninite samples 
(Uraninite from palette mine (UPA) and Uraninite from El sharana mine (UEA)) to 
determine the influence of standard parameters such as temperature, particle size, [H2SO4], 
total iron concentration and ORP; and to then correlate these results with those conducted 
in a pure system. A summary of the bulk chemical analysis data for natural uraninite 
samples (UPA- 67.1 wt.% and UEA-73.1 wt.%) has been presented in Table 6.2. The 
surface area of the UPA and UEA used in all tests (except particle size experiments) was 
71.2 m2 g  and 73.6  m2 g respectively, measured by BET technique.  
Note: USG sample was not considered for dissolution studies since its low U% (39% U) 
and high impurity levels (Table 6.2) would not classify it as a uraninite mineral, but rather 
a mineral with trace levels of uraninite.  
6.4.1. Standard Dissolution Conditions- 
 
An initial series of tests were conducted in order to determine the dissolution of UPA  
and UEA under standard conditions typically encountered at mining operations [23, 25, 53, 
54]. These were compared with dissolution of synthetic UO2 in order to determine 
differences. The conditions that were used are given in Table 6.4.  
 
Table 6.4: List of standard Parameters for UPA and UEA 
Parameter UPA Value UEA Value 
[H2SO4] 15 g/L (0.15 M) 15 g/L (0.15 M) 
Temperature 50°C 50°C 
Initial UIV 100 mg/L (4.20×10-4 M)  100 mg/L (4.20×10-4 M)  
Initial FeIII:UIV 4:1 4:1 
Initial FeIII* 123.3 mg/L (2.21×10-3 M) 113.2 mg/L (2.03×10-3 M) 
Initial FeII* 369.9 mg/L (6.62×10-3 M ) 339.6 mg/L (6.08×10-3 M ) 
Total Fe 493.2 mg/L (8.83×10-3 M ) 452.8 mg/L (8.11×10-3 M ) 
Initial ORP 460 mV 460 mV 
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Results from experiments using standard leach conditions indicate that compared to 
synthetic UO2 (refer to dissolution results in  section 3.4), both the UPA and UEA samples 
exhibit lower uranium dissolution rates. After 90mins, 71% U dissolution was recorded for 
sample UPA and 76% U dissolution for sample UEA (Figure 6.9). In comparison, the 
amount of uranium dissolved from the synthetic uraninite was 86% U using the same 
reaction conditions (Section 3.4). 
 
The differences in dissolution rates between the three samples is likley attributable to 
the effects of; a) different levels and types of impurities within the uraninites, b) the 
presence of foreign ions in the leach solution liberated from the gangue minerals, c) 
different sources of uranium present within the natural samples (e.g. sample UPA conatins 
minor meta-autunite while sample UEA contains rutherfordine- section 6.3.4), and, d) 
possible structural changes between samples (e.g. the natural samples have different 
degrees of alteration and crystallinity which may impact on uranium dissolution whereas 
the syntheic UO2 sample is crystalline due to synthesis at high temperature – section 3.3.1). 
Assuming high crystallinity will have a negative effect on uranium extraction due to 
decreased surface area compared to highly altered uraninites (e.g. Bruno et al., [5]; Casas 
et al., [26]), the much higher solubility of the synthetic uraninite compared to the natural 
samples implies that the biggest influence on leach rates comes from the presence of 
impurities in the natural samples (either in the uraninite or foreign ions released from the 
gangue). The presence of other uranium containing minerals in the natural samples is not 
expected to be a major factor as meta-autunite (UPA) and rutherfordine (UEA) are both 
hexavelent uranium species and likely to have high solubility in low pH solutions 
(Wellman et al., [55]; Gorman-Lewis et al., [56]). 
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Figure 6.9:  Percentage U dissolved vs. time for tests conducted using standard leach 
parameters. Plot a) shows the data for sample UPA, plot b) the data for sample UEA. For 
both data sets, results for the dissolution of synthetic UO2 leached under the same 
conditions are included for comparison.  
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6.4.2. Effect of particle size on UPA and UEA. 
 
Uraninite is often encapsulated amongst other gangue minerals in natural systems ([25, 
57]). In the current samples examined, it was demonstrated that while the samples typically 
contained >90% uraninite which was mostly fully liberated, some grains were also 
intimately associated with the gangue often forming complex intergrowths. As well, the 
other minor uranium species present in the samples tended to form in pore spaces and 
veins which may limit their exposure to the leach solutions. In order to determine if 
crushing the samples allowed any trapped uranium species to be liberated allowing for 
reaction with the leach solutions, studies were conducted using a range of particle sizes to 
determine their influence on the dissolution kinetics of UPA and UEA. The three particle 
size ranges tested were; 75-38µm, 38-20µm, and <20µm. Experimental conditions are 
listed in Table 6.5 and results shown in Figure 6.10.  
 
Table 6.5: Test conditions that were kept constant whilst particle size was changed. 
Parameter UPA Value UEA Value 
[H2SO4] 15 g/L (0.15 M) 15 g/L (0.15 M) 
Temperature 50°C 50°C 
Initial UIV 100 mg/L (4.20×10-4 M)  100 mg/L (4.20×10-4 M)  
Initial FeIII:UIV 4:1 4:1 
Initial FeIII* 123.3 mg/L (2.21×10-3 M) 113.2 mg/L (2.03×10-3 M) 
Initial FeII* 369.9 mg/L (6.62×10-3 M ) 339.6 mg/L (6.08×10-3 M ) 
Total Fe 493.2 mg/L (8.83×10-3 M ) 452.8 mg/L (8.11×10-3 M ) 
Initial ORP 460 mV 460 mV 
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Figure 6.10: Percentage U dissolved vs. time for tests conducted using different particle 
size ranges (75-38µm, 38-20µm, and <20µm). Plot a) shows the data for sample UPA, plot 
b) the data for sample UEA. 
 
a) Sample UPA 
b) Sample UEA 
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Results presented in Figure 6.10 indicate that decreasing particle size resulted in an 
increase in the rate and percentage U dissolution of the UPA sample with an increase from 
71% U to 78% U over 90 mins when the particle size range was decreased from 75-38 µm 
to <20 µm. The increase in percentage U dissolution with a decrease in grainsize was 
consitent with previous results observed for pure synthetic UO2 (section 3.4.3) where it 
was reported that  a decrease in particle size resulted in an increased surface area to volume 
ratio allowing better reaction between the leach solution and the uraninite. In the current 
study using natural samples, the increase in rate and percentage U dissolution could also be 
attributed to the liberation of trapped uraninite and other U-bearing mineral species that 
may be encapsulated within gangue mineral phases. In the case of the UEA sample, an 
increase in uranium dissolution from 75% U to 82%U over 90 mins was caused by a 
decraese in particle size from 75-38 µm to 38-20 µm. A further decrease in particle size to 
<20 µm did not result in a significant change in percentage U dissolution suggesting that 
most of the encapsulated U occurred in gangue mineral sites of larger particle sizes unlike 
micro-grains of gangue minerals encountered in the UPA sample.   
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6.4.3. Effect of [H2SO4] on UPA and UEA 
 
The effect of [H2SO4] was investigated to determine if an increase in concentration 
would increase uranium extraction rates. The H2SO4  concentrations tested were 0.015M, 
0.05M, 0.15M, 0.30M and 0.70M with all other experimental parameters (temperature, 
initial UIV, initial ORP, etc.) the same as used for the particle size experiments (see Table 
6.6) 
 
Table 6.6: List of conditions that were kept constant 
Parameter UPA Value UEA Value 
[H2SO4] Varied Varied 
Temperature 50°C 50°C 
Initial UIV 100 mg/L (4.20×10-4 M)  100mg/L (4.20×10-4 M)  
Initial FeIII:UIV 4:1 4:1 
Initial FeIII* 123.3 mg/L (2.21×10-3 M) 113.2 mg/L (2.03×10-3 M) 
Initial FeII* 369.9 mg/L (6.62×10-3 M ) 339.6 mg/L (6.08×10-3 M ) 
Total Fe 493.2 mg/L (8.83×10-3 M ) 452.8 mg/L (8.11×10-3 M ) 
Initial ORP 460 mV 460 mV 
 
Results, shown in Figure 6.11, indicate that H2SO4  concentration had no significant 
effect on the rate and percentage U dissolution for sample UEA (if anything, there was a 
slight decrease in percentage U dissolution with increasing acid strength) however there 
was an observable increase for sample UPA when an acid concentration of 0.70 M was 
used. Previous dissolution studies using natural uraninite ores showed uranium solubility 
was largely independent of acid concentration, all other parameters remaining constant 
(e.g. Ring [23]). The result for sample UPA at 0.70 M was therefore unexpected and it 
appears that high acid concentrations either caused dissolution of encapsulating gangue or 
generated enough porosity and permeability in particles to enable leaching of more 
uranium. 
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Figure 6.11: Percentage U dissolved vs. time for tests conducted different acid 
concentrations. Plot a) shows the data for sample UPA, plot b) the data for sample UEA. 
 
 
 
 
a) Sample UPA 
b) Sample UEA 
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6.4.4. Effect of temperature on UPA and UEA 
 
The effect of temperature on the dissolution of uraninite in samples UPA and UEA was 
examined by varying the temperature of the leach solutions between 35°C, 50°C, 65°C, 
80°C and 95°C. All other conditions were kept constant. The test conditions used are given 
in Table 6.7. 
Table 6.7: Test conditions that were kept constant. 
Parameter UPA value UEA value 
[H2SO4] 15 g/L (0.15 M) 15 g/L (0.15 M) 
Temperature Varied Varied 
Initial UIV 100mg/L (4.20×10-4 M)  100mg/L (4.20×10-4 M)  
Initial FeIII:UIV 4:1 4:1 
Initial FeIII* 123.3 mg/L (2.21×10-3 M) 113.2 mg/L (2.03×10-3 M) 
Initial FeII* 369.9 mg/L (6.62×10-3 M ) 339.6 mg/L (6.08×10-3 M ) 
Total Fe 493.2 mg/L (8.83×10-3 M ) 452.8 mg/L (8.11×10-3 M ) 
Initial ORP 460 mV 460 mV 
 
Results shown in Figure 6.12, indicate that for both samples, there was a systematic 
increase in the rate and percentage U dissolution with a concomitant rise in temperature. 
The activation energy and Arrhenius parameter was calculated for each sample data set and 
it was determined that UPA had an activation energy of 22.39 kJ/ mol and an Arrhenius 
parameter of 2.8, compared to UEA which had an activation energy of 19.38 kJ/ mol and 
an Arrhenius parameter of 3.1. These values were higher than the calculated activation 
energy of 15.2 kJ/ mol and an Arrhenius parameter of 53.6, calculated for synthetic UO2 
(section 3.4.5). The increase in activation energy observed in the natural uraninite samples 
compared to a pure system, indicate that the the primary redox reaction between the UO2 
and FeIII is inhibited and requires greater energy for the reaction to proceed. This was 
primarily caused due to the various impurities that exist in the natural uraninite samples. 
The composition of the uraninite caused by various cationic impurities would create less 
effective binding sites with the FeIII which would slow electron transfer. Some of the 
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uraninite may be encapsulated in other gangue minerals associated with uraninite, and 
therefore require greater energy to damage the crystal structures to liberate the uranium. 
Furthermore the presence of various foreign ions in the solid-liquid interphase that were 
liberated from the gangue minerals may hinder the transfer of electrons between the solid 
UO2 and the FeIII in solution.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 6.12: Percentage U dissolved vs. time for tests conducted at different temperatures 
between 35-95°C. Plot a) shows the data for sample UPA, plot b) the data for sample UEA. 
a) Sample UPA 
b) Sample UEA 
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6.4.5. Effect of total Fe on UPA and UEA. 
 
Tests to determine the influence of total Fe (FeTOT) on the dissolution of uraninite in 
samples UPA and UEA were conducted by varying the molar ratio of Fe3+:U4+. In these 
experiments, the acid concentration, temperature, initial UIV and ORP were kept constant at 
0.15M, 50°C, 4.20×10-4 M and 460mV, respectively. The four molar ratios Fe3+:U4+ 
selected for testing were 2:1, 4:1, 8:1 and 14:1 (Table 6.8). 
 
Table 6.8: Varying Fe concentrations for UPA and UEA 
UPA [M] 
Fe3+:U4+ Fe3+ Fe2+ Fe3+:Fe2+ FeTOT ORP (mV) 
2 to 1 1.10E-03 3.31E-03 25 to 75 4.41E-03 460 
4 to 1 2.21E-03 6.62E-03 25 to 75 8.83E-03 460 
8 to 1 4.41E-03 1.32E-02 25 to 75 1.77E-02 460 
14 to 1 7.73E-03 2.32E-02 25 to 75 3.09E-02 460 
UEA [M] 
Fe3+:U4+ Fe3+ Fe2+ Fe3+:Fe2+ FeTOT ORP (mV) 
2 to 1 1.01E-03 3.04E-03 25 to 75 4.05E-03 460 
4 to 1 2.03E-03 6.08E-03 25 to 75 8.11E-03 460 
8 to 1 4.05E-03 1.22E-02 25 to 75 1.62E-02 460 
14 to 1 7.09E-03 2.13E-02 25 to 75 2.84E-02 460 
 
 
 
 
 
 
 
 
 
Chapter 6 
~ 226 ~ 
 
Results shown in Figure 6.13, indicate that increasing FeTOT had a significant positive 
effect on the percentage U dissolution and rate for both UPA and UEA samples. An 
increase in FeTOT concentration from 4.41×10-3 M (2:1 Fe3+:U4+ ratio) to 3.09×10-2 M 
(14:1), showed an increase in percentage U dissolution from 71% U to 98% U in 90mins 
for sample UPA, while for sample UEA the percentage U increased from 76% U to  98% 
U as FeTOT increased from 4.05×10-3 M (2:1 Fe3+:U4+ ratio)  to 2.84×10-2M (14:1), 
respectively. The presence of a strong oxidant such as Fe is crucial to extracting uranium 
from uraninite and the significant increase of U dissolution with increasing FeTOT has been 
well documented in the past (Merritt, [54]; Laxen, [58]; Nicol et al., [59]; Ring, [23]; Eary 
et al., [28, 60]; Ragozzini and Sparrow, [60]; MacNaughton et al., [25, 57]). Results are 
consistent with previous studies (section 3.4.6) examining this effect. Based on the current 
data for natural uraninite, the rate of the reaction with FeTOT was calculated for each 
natural sample and then compared with data for synthetic UO2. The data are plotted in 
Figure 6.14. The rate of uranium dissolution showed a linear increase with increasing 
FeTOT in all three systems. The dissolution rate however, was signficantly higher in the 
synthetic system compared to the natural samples. This suggests that while FeTOT plays a 
vital role in uranium extraction from uraninite by enhancing uranium dissolution, the 
presence of foreign anions and cations (either in the uraninite or released from the 
associated gangue minerals) in samples from natural systems impedes dissolution. It is 
unclear as to whether the impurites within the uraninite prevent uranium release due to 
stabilisation of refractory oxide phases or whether the impurities suppress the oxidation 
reaction between the Fe in solution and uranium in the uraninite. 
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Figure 6.13: Percentage U dissolved vs. time for tests conducted to examine the effect of 
increasing Fe concentration on dissolution of natural uraninite. Plot a) shows the data for 
sample UPA, plot b) the data for sample UEA. 
 
 
a) Sample UPA 
b) Sample UEA 
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Figure 6.14:  Plot of UO2 dissolution rate vs. Total Fe for samples UPA and UEA. The data 
for the natural samples is compared against data calculated for a synthetic UO2 sample 
(section 3.4.6). 
 
6.4.6. Effect of Oxidation-reduction potential on UPA and UEA 
 
The effect of oxidation-reduction potential on uranium dissolution from samples UPA 
and UEA was investigated at six different ORP’s (380mV, 420mV, 460mV, 495mV, 
530mV and 565mV). This was done by changing the ratio of Fe3+ to Fe2+ thereby changing 
the ORP (Table 6.9). In all experiments, the Fe3+:U4+ ratio was kept constant at 4:1. In 
addition, all other conditions remained constant (Table 6.10).  
Table 6.9: Ratio of  Fe3+ to Fe2+ and FeTOT with changing ORP in UPA and UEA 
UPA 
[FeIII] M [FeII] M FeIII:FeII [FeTOT] M ORP 
2.21E-03 - 100 to 0 2.21E-03 565 mV 
2.21E-03 2.21E-03 50 to 50 4.42E-03 530 mV 
2.21E-03 4.42E-03 33 to 66 6.62E-03 495 mV 
2.21E-03 6.62E-03 25 to 75 8.83E-03 460 mV 
2.21E-03 4.19E-02 5 to 95 4.41E-02 420 mV 
2.21E-03 2.19E-01 1 to 99 2.21E-01 380 mV 
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UEA 
[FeIII] M [FeII] M FeIII:FeII [FeTOT] M ORP 
2.03E-03 - 100 to 0 2.03E-03 565 mV 
2.03E-03 2.03E-03 50 to 50 4.05E-03 530 mV 
2.03E-03 4.05E-03 33 to 66 6.08E-03 495 mV 
2.03E-03 6.08E-03 25 to 75 8.11E-03 460 mV 
2.03E-03 3.85E-02 5 to 95 4.05E-02 420 mV 
2.03E-03 2.01E-01 1 to 99 2.03E-01 380 mV 
 
Table 6.10: List of standard conditions 
Parameter UPA Value UEA Value 
[H2SO4] 15 g/L (0.15 M) 15 g/L (0.15 M) 
Temperature Varied Varied 
Initial UIV 100 mg/L (4.20×10-4 M)  100 mg/L (4.20×10-4 M)  
Initial FeIII:UIV 4:1 4:1 
Initial FeIII* 123.3 mg/L (2.21×10-3 M) 113.2 mg/L (2.03×10-3 M) 
Initial FeII* Varied Varied 
Total Fe Varied Varied 
Initial ORP Varied Varied 
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Results for the experiments examining the effect of varying ORP are shown in Figure 7. 
Changing the ORP had a negligible influence on the percentage U dissolution of the UEA 
sample whereas a relative decrease in rate and percentage U dissolution with decreasing 
ORP was observed for the UPA sample. The oxidation-reduction potential was previously 
investigated by Nicol et al,[59] and Laxen [58], who suggested that the UO2 dissolution 
rate increases with an increase in [FeIII] and the FeIII: FeII ratio (ORP), whilst an increase in 
the [FeII] above a certain level leads to a decrease in the dissolution rate. Previous studies 
conducted on the relationship between the UO2 dissolution rate and [Fe] at six different 
solution ORPs (refer to section 3.4.6), revealed a high dissolution rate dependency on [Fe] 
at higher ORPs (≥460 mV – 565 mV), whilst at lower ORPs (≤420), [Fe] had a 
significantly lower influence on the UO2 dissolution rate under the conditions used. Two 
distinct regions of dissolution rate dependency was observed (Section 3.4.6). 
 
In the case of the natural samples, the UPA sample (Figure 6.15), showed similar trends 
to those observed with synthetic UO2, where changing ORP influenced the rate and 
percentage U dissolution. Two distinct regions of dissolution rate dependency were 
observed. However as seen in Figure 6.16, the dissolution rate of dependency on [Fe] at 
higher ORPs (≥460 mV to 565 mV) and lower ORPs (≤420 mV), weren’t as substantial as 
in the case of the pure system. The addition of excess [FeII] wasn’t detrimental to the 
system compared to the pure systems. This could be due to the presence of additional 
foreign ions caused by impurities in the sample, which could negate the negative influence 
of [FeII]. In the case of the UEA sample (Figure 6.15-6.16), changing ORP’s from (565-
380mV) had a negligible influence on rate and %U dissolution with only one distinct 
region of dissolution rate dependency. The linear single stage dissolution was maintained 
even with addition of excess [FeII]. Therefore, the role of foreign ions caused by impurites 
in the UEA sample, would play a greater role in negating the negative influence of [FeII] 
compared to the UPA sample. As any undissolved uraninite in the UEA and UPA samples 
were most likely encapsulated within gangue minerals, the oversaturation of [FeII] would 
have negligible influence compared to factors such as temperature and [H2SO4], which 
would damage the mineral structures. This suggests that while ORP affected the rate and 
percentage U dissolution of UPA and UEA, it wasn’t a primary factor that controlled the 
redox reaction. 
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Figure 6.15: Effect of changing ORP on percentage U dissolution. Plot a) shows the data 
for sample UPA, plot b) the data for sample UEA. 
 
 
 
a) Sample UPA 
b) Sample UEA 
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Figure 6.16: Plot of Log UO2 dissolution rate vs. Log [FeII] at fixed FeIII concentration for 
samples UPA and UEA. The data for the natural samples is compared against data 
calculated for a synthetic UO2 sample (section 3.4.6). 
 
6.4.7. Textural and chemical examination of leached samples 
 
In an attempt to understand the impact of varying leach parameters on uranium 
extraction, a detailed examination of selected residues from the leached UPA sample was 
undertaken using electron probe microanalysis (EPMA). As indicated earlier, sample UPA 
contained mainly uraninite but also some uranium contained within a Ca-, P-rich phase, 
meta-autunite. Compositionally, the uraninite was also Pb- and Ca- rich although alteration 
and hydration of the uraninite was associated with a decrease in Pb content and the 
formation of a small amount of an unidentified Al/Pb phosphate phase. Minor phases also 
present included carbonates (calcite and dolomite), quartz, fluorapatite, trace gold, and 
various Zn/Fe/Cu sulphides. Microanalysis was also conducted on sample UEA however 
results and general conclusions were similar to those noted for the UPA sample.  
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EPMA analysis, in the form of a large area mineral / phase map of the sample leached 
under standard conditions (Table 6.4), is shown in Figure 6.17a. A corresponding S/Pb/U 
map showing the distribution of these three key elements is also included for comparison. 
The map data show large pieces of unreacted uraninite still remain in the sample under 
leaching together with ZnS and an unidentified Pb/Al-rich phase. Both of these latter 
phases appear to have been unaffected by the leach conditions – the ZnS in particular 
exhibits clean, unreacted fracture surfaces although the apparent high porosity associated 
with the Pb/Al phosphate may be indicating some attack by the leachant. In contrast, the 
uraninite particles have irregular surfaces and in parts of grains, high porosity, both strong 
evidence for having undergone attack / dissolution from the leachant. Surrounding the 
leached uraninite particles there are small particles of a Pb-S-O phase, most likely PbSO4 
(anglesite). This appears to represent Pb preferentially leached from the uraninite and re-
precipitated at the rims of the uraninite as a sulphate.  Similar observations regarding the 
mobility of Pb leached from uraninite under oxidising conditions were made by Zhao et al. 
[12] and Janeczek et al.[6, 13] . Further evidence for dissolution of Pb and precipitation 
comes from the observation that some PbSO4 also appears to have been deposited in pores 
within the porous uraninite (see, in particular, the Pb distribution map part of Figure 
6.17a). Examination of the remaining uraninite by energy dispersive (ED) spectroscopy 
indicated some grains have had Pb partially leached leading to an increase in porosity. In 
the more dense parts of the uraninite however, Pb still seems to be retained. The variation 
in the Pb content within individual uraninite grains is reflected by the mottled texture 
exhibited by the grains shown in Figure 6.17a. Darker areas within uraninite grains 
indicate regions where Pb has been removed. Calcium within the uraninite does not appear 
to have been affected by the leach solutions. The observation of Pb removal and 
subsequent formation of PbSO4 at the edges of uraninite grains suggests that the lower 
extraction rates in natural uraninite-containing systems compared to synthetic UO2 may be 
due to a combination of factors including; a) the consumption of leachant caused by the 
preferential removal and complexation with Pb to form the sulphate, and, b) the possible 
inhibiting of leach fluids accessing the uraninite once PbSO4 precipitates – i.e. fluid 
infiltration is inhibited by precipitation of Pb sulphate in pores and along the margins of 
grains. The influence of Pb on the dissolution of the natural uraninite is similar to what was 
observed in the case of synthetically doped materials (section 5.5.1).  
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Results on the UPA sample leached with a stronger acid concentration are shown in 
Figure 6.17b while results from the samples ground to <20 µm are shown in Figure 6.17c. 
The map data for both samples shows similar features to the sample leached under standard 
conditions with attack of the uraninite leading to leaching of Pb and subsequent formation 
of PbSO4 on the outer surfaces of the uraninite and within pores and / or fractures. 
Additional information provided by the <20 µm ground sample indicates that quartz and 
pyrite gangue are both unaffected by the leach solutions. 
 
Based on the EPMA map results, the changes in dissolution rates between the natural 
ores and the synthetic uraninite is likely attributable to the effects of different levels and 
types of impurities within the natural uraninites. In particular foreign ions such as Pb, 
which are known to susbstitute into the uraninite structure, are highly mobile in the 
presence of oxidising acidic solutions. The dissolution of Pb appears however, to inhibit 
uranium dissolution and extraction from uraninite largely through a reduction in leachant 
permeability caused by re-precipitation of the Pb as PbSO4 in pores, microfractures and 
around the edeges of uraninite grains.  
 
A second factor for lower uranium extraction rates in the natural ores may relate to the 
crystallinity of the natural uraninite samples. The results suggest that while much of the Pb 
in the porous regions of uraninite is easily dissolved, where the uraninite is more dense in 
texture, Pb dissolution is minimal. This result is surprising since synthetic uraninite is 
typically very dense and highly crystalline and yet uranium extraction rates are much 
higher. It is assumed therefore that extraction rates should be just as high in the natural 
samples, even in the dense regions, however the clogging of pore and microfracture 
networks caused by Pb sulphate precipitation in the more porous parts of uraninite particles 
is most likely the major factor for lower uranium extraction rates. This study emphasises 
the uncertainties in extrapolating experimental results obtained using synthetic systems to 
studies involving real ores. 
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Figure 6.17: EPMA maps for the UPA sample showing mineral phases identified after 
samples were leached under the following conditions; a) standard leach conditions, b) an 
acid concentration of 0.7M, and, c) standard leach conditions after grinding to <20 µm. For 
each phase-patched map there is a corresponding S/Pb/U map showing the distribution of 
these three key elements. The scale bar for each image is 500µm. 
a) 
b) 
c) 
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6.5. Conclusions 
 
Three naturally occurring uraninite samples were studied to investigate differences in 
structure and composition, to characterise the texture and composition of the gangue 
minerals associated with the uraninite, and to compare the high temperature oxidation of 
the natural uraninite samples in order to understand the mobility of impurities.  
 
The bulk analysis results indicated that all three samples contained significant amounts 
of uranium. However, uranium levels were well below the theoretical content for 
stoichiometric uraninite (88.1%) with the USG sample containing 38.9% U, the UPA 
sample containing 67.1% U and the UEA sample containing 73.1% U. All three samples 
were contaminated with varying levels of Zn, Pb, Fe, S, P and Ca. X-ray diffraction 
analysis confirmed that the USG sample was highly impure containing significant amounts 
of sphalerite and galena in addition to uraninite whilst both the UPA and UEA samples 
were uraninite-rich with other uranium bearing minerals (meta-autunite and uranyl 
carbonate) also present. Mineral analysis by EPMA suggested that the UEA sample 
contained uraninite associated with uranyl oxide species, Pb-rich uranylphosphate and 
Pb/Al phosphate phase with trace levels of galena and sulphides. The UPA sample 
contained uraninite associated with meta-autunite, Pb/Al phosphate phase and other minor 
phases including carbonates, quartz, fluorapatite, gold and various Zn/Fe/Cu sulphides. 
The USG mineralogy was dominated by the sulphides sphalerite and galena while uraninite 
was only a minor component along with unidentified Fe/Mg-rich aluminosilicate, 
muscovite, coffinite and other sulphides.  
 
Heating of the uraninite samples caused a number of changes to occur. 
Recrystallisation and oxidation of the original uraninite to form U3O8 was observed as well 
as mobilisation and stabilisation of impurity elements such as Ca and Pb into new uranium-
containing phases. In samples UEA and EPA where hydrated and carbonated uranium 
mineral phases were present, these were also conversted into U3O8. In comparison, heating 
of sample USG which contained a large proportion of gangue sulfide and silicate phases, 
the original Zn-rich sulfide was converted to recrystallised, euhedral crystals of a Zn-rich 
silicate, while an unidentified U-Pb-Ca-Zn phase and a silicate-rich melt were also noted. 
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Quantitative analyses by EPMA indicated that within the UPA and UEA natural 
samples, the chemical analyses may be grouped into Pb-rich and Pb-depleted 
compositions. Both samples also contained high Ca contents in the unaltered uraninite. 
Compared to these samples, natural USG was highly impure and contained significantly 
higher concentrations of Ca with lower Pb content in the unaltered regions. However the 
altered material contained higher Fe, Pb, S and As with significantly depleted U and Ca 
with the high Pb related to the abundance of galena in the USG sample. The chemical and 
microstructural aspects of the uraninite are likely to play an important role in any process 
to extract uranium from uraninite-containing ores.  
 
Dissolution results indicated that under standard leach conditions (0.15 M H2SO4, 50°C, 
ORP 460 mV, 6.7×10-3 M FeTOT), both natural samples exhibited lower extraction rates 
when compared to synthetic UO2. Decreasing particle size, increasing temperature and  
increasing FeTOT all resulted in an increase in the rate of uranium dissolution. Changing 
acid concentration and changing the ORP had a negligible effect on dissolution. Minor 
differences were observed when comparing results between these two natural samples; 
however, in all cases the synthetic UO2 proved easier to extract uranium. Based on a 
chemical and textural analysis of selected leach residues, the changes in dissolution rates 
between the natural ores and the synthetic uraninite was attributed to the effect caused by 
lead impurities within the natural uraninites, being  preferentially leached and then re-
precipiatated as a sulphate. The precipitated Pb sulphate was observed coating individual 
uraninite particles and filling pores and fractures thus preventing further ingress of the 
leach solution.  
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CHAPTER 7 
 
Conclusions and Future work 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
A summary of the work conducted in this thesis and the primary results achieved have 
been provided. A brief summary of future work that can be conducted as a result of this 
work is also entailed.  
 
 
Chapter 7 
 
~ 245 ~ 
 
7.1. Conclusions 
 
High purity synthetic UO2 was successfully synthesized. The prepared sample was 
characterised extensively using X-ray diffraction (XRD / HT-XRD), scanning electron 
microscopy (ESEM), elemental mapping analysis, X-ray photoelectron spectroscopy 
(XPS) and inductively coupled plasma mass spectroscopy (ICP-MS) to ascertain the 
composition and purity of the sample. It was concluded that the prepared sample was 
primarily UO2 with trace levels of UO3 occurring on the surface. The UO2 was highly 
crystalline and polycrystalline with the presence of crystals of varying particle sizes. The 
sample was also highly homogenous, with uniform distributions of uranium and oxygen. 
The primary oxidation state of the synthesised UO2 was determined to be U4+ and the 
average stoichiometry of the prepared synthetic uraninite sample was calculated to be 
UO2.05.  
Synthetic UO2 dissolution studies demonstrated ~85% U dissolved under standard 
operating conditions (refer to section 3.4). Initial U concentration, temperature, particle 
size and pH were found to influence the dissolution rate of UO2 whilst solution agitation 
and [H2SO4] were found to have no effect on the dissolution rate. The dissolution of UO2 
was found to most closely follow 1st order kinetics over the entire range of conditions 
studied (Acid– 0.15M, Temp– 50°C, U– 4.2×10-4 M, FeIII – 1.1×10-4 – 4.5×10-2 M; FeII – 
3.2×10-4 – 5.8×10-1 M; FeTOT- 4.2×10-4 – 5.9×10-1  M). The results suggested that the 
reaction occurred via an electro-chemical reaction mechanism. Investigations on the 
relationship between the UO2 dissolution rate and [Fe] at six different solution ORPs 
revealed a high dissolution rate dependency on [Fe] at higher ORPs (≥460 mV – 565 mV), 
whilst at lower ORPs (≤ 420), [Fe] had a lot lower influence on the UO2 dissolution rate 
under the conditions used (Acid– 0.15 M, Temp– 50°C, U– 4.2×10-4 M, FeIII – 8.4×10-4 – 
5.9 ×10-3; FeII – 8.4×10-4 – 5.8×10-1 M). The order of dependence was in the range of 0.44- 
0.54. The dependence of the UO2 dissolution rate on [Fe] was essentially linear over a 
wide [Fe] range (FeIII – 1.1×10-4 – 4.2 ×10-3; FeII – 3.2×10-4 – 1.8×10-2 M, FeTOT – 4.2× 10-4 
– 2.4×10-2 M) at a solution ORP of 460 mV (only the data points obtained over the lower 
range of [Fe] tested were not in good agreement with a linear dependence). The effect of 
[FeII] on the rate of UO2 dissolution at four different fixed [FeIII] showed very similar 
trends at each of the fixed [FeIII] studied where at a lower [FeII]; [FeII] had a very minor 
effect on the rate of UO2 dissolution. Two distinct regions of dissolution rate dependency 
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were observed. A linear increase in UO2 dissolution rate was observed with increasing 
[FeIII] (1.7 ×10-3 – 4.5 ×10-2 M) at constant [FeII] (5.04×10-3 M). The order of dependence 
of the UO2 dissolution rate on [FeIII] under the conditions studied was determined to be 
0.92. 
 
The effect of Fe- counter anion demonstrated that the rate of UO2 dissolution was 
highest when FePO4/ Fe3(PO4)2 and Fe(NO3)3/FeO salts, respectively, were used. The next 
highest rates of dissolution were observed when FeCl3/FeCl2, Fe2(SO4)3/FeSO4, Fe2O3/FeO 
and FeBr3/FeBr2 salts were used, respectively, with the dissolution rates obtained in these 
systems all being very similar. The UO2 dissolution rate observed when FeF3/FeF2 was 
used was significantly lower than the rates observed in all of the other systems tested. At 
the highest addition of Cl- and Br-, it can be seen that Cl- had a minimal effect, whilst Br- 
had no effect on the rate of dissolution of UO2. It was observed that increasing F- increased 
the rate of UO2 dissolution. However this increase was clearly not due to solution ORP as 
this decreased with increasing F- concentration. The trends observed with increasing F- 
concentration were most likely due to (i) changes in the types of FeIII-F- complexes present 
at the different F- concentrations (and the subsequent differences in reactivity of these 
species) and / or (ii) F- influencing the equilibrium position of reactions 1 and / or 2 (refer 
to section 4.4.1) through complexing UO22+, which in turn may lead to an increase in the 
rate of UO2 dissolution.  
 
With SO42- addition, it was determined that the decrease in rate and % dissolution was 
most likely caused by the significant decrease in solution ORP with increasing SO42- 
addition preventing and / or slowing down the formation of the effective FeIII complexes 
(Refer to section 4.4.2). With NO3- addition, increasing NO3- enhances UO2 dissolution by 
oxidising the FeII in the system to FeIII, making more available for reaction with the UO2. 
With PO43- addition, the dissolution of UO2 completely stopped at PO43- concentrations > 
5.26×10-2 M. This was most likely due to the formation of colloidal FePO4 which 
precipitated out of solution. The positive influence of F- addition was negated by the 
addition of SO42-, NO3- and PO43-. This was attributed to the addition of these anions 
competing with the F- to complex with the Fe3+ and adsorp onto the active sites of the UO2 
surface thereby reducing effective electron transfer between FeIII and UO2.  
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Pb-doped UO2 and Th-doped UO2 were successfully synthesized and extensively 
characterised. The X-ray diffraction patterns of the aforementioned showed that the 
integrity of the base UO2 crystalline structure was maintained with doping of the Pb and 
Th. The lines in the patterns of the doped UO2’s were however broader suggesting changes 
in the inter-planar spacing, grain size and crystallite size due to doping. The ratios of the 
intensities of the key diffraction lines in the doped materials indicated that the Pb doping 
did not have a significant effect on the lattice structure whilst the Th-doping on the other 
hand significantly altered the ratios of the intensities of the key diffraction lines. The HT-
XRD results showed that at 600°C, the Pb-UO2 was converted to UO3. In the case of Th-
doped UO2, the results indicated that at 700°C, severe damage to the Th-doped UO2 crystal 
lattice occurred. The elemental mapping, SEM and EPMA analysis indicated homogenous 
mixing and confirmed formation of the bulk product with slight surface modifications. The 
Pb doped material was given the nominal formula 𝑈0.96𝐼𝑉 𝑃𝑏0.06𝐼𝐼 𝑂1.98 with 4.7% Pb doping, 
while the Th doped material was given the nominal formula  𝑈0.80𝐼𝑉 𝑇ℎ0.50𝐼𝑉 𝑂1.70 with 19.5% 
Th doping.   
 
Pb-doped UO2 dissolution studies demonstrated  approximately 71% U dissolution over 
a leach period of 90mins, under the conditions studied (refer to section 5.5.1). The decrease 
in dissolution compared to pure UO2 (85%) was postulated to be caused by a combination 
of factors including; (a) Pb reprecipating onto the surface of the UO2 as PbSO4, thereby 
forming a passivation layer which in turn reduced the rate of reaction between FeIII and 
UO2;  (b) lead production coupled with auto-oxidation, leading to the formation of several 
new Pb-uranyl secondary minerals that are unsuscepetible to leaching under the reaction 
conditions used; and or (c) the consumption of leachant caused by the preferential removal 
and complexation with Pb to form the sulphate. The dissolution kinetics results indicated 
that Pb-UO2 dissolution in all tests most closely followed first-order kinetics. The observed 
first-order kinetics was in agreement with those observed for UO2 dissolution. There was 
an approximately linear dependence of the Pb-UO2 dissolution rate on [Fe]TOT for each of 
the system ORPs tested with the rate orders indicating a step change between an ORP ≥420 
and ≤460 mV. The specific influence of FeII showed that the Pb-UO2, exhibited two 
distinct regions of dissolution rate dependency similar to the pure UO2. 
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Th-doped UO2 dissolution studies demonstrated approximately 50% U dissolution over 
a leach period of 90mins, under the conditions studied (refer to section 5.5.2). It can be 
hypothesised that the decrease in Th-doped UO2 dissolution compared to  Pb- UO2 (71%) 
and pure UO2 (86%) was due to combination of factors including; (a) increased stability of 
the Th-UO2 that is resistant to leaching under the reaction conditions used; (b) The Th 
could be initially mobilised and liberated from the structure to form a passivation layer on 
the surface of the material similar to that occuring in the case of Pb, (c) the consumption of 
leachant caused by the preferential removal and complexation with Th to form the sulphate 
and (d) differences in the amount of doping (~5% Pb compared to ~20% Th). The 
dissolution kinetics obtained for the dissolution tests showed that Th-UO2 dissolution in all 
tests most closely followed first-order kinetics which was in agreement with the studies on 
pure UO2 and Pb-UO2. The rate orders indicated a step change between an ORP ≥420 and 
≤460 mV which concurred with previous studies on pure UO2 and Pb-UO2. The specific 
influence of FeII indicated two distinct regions of dissolution rate dependency for the Th-
UO2, similar to  pure UO2 and Pb-UO2. 
 
Bulk analysis results for three natural uraninite samples indicated that all three 
samples contained significant amounts of uranium. However, uranium levels were well 
below the theoretical content for stoichiometric uraninite (88.1%) with the USG sample 
containing 38.9% U, the UPA sample containing 67.1% U and the UEA sample containing 
73.1% U (refer to section 6.3.1). All three samples were contaminated with varying levels 
of Zn, Pb, Fe, S, P and Ca. X-ray diffraction analysis confirmed that the USG sample was 
highly impure containing significant amounts of sphalerite and galena in addition to 
uraninite whilst both the UPA and UEA samples were uraninite-rich with other uranium 
bearing minerals (meta-autunite and uranyl carbonate) also present. Mineral analysis by 
EPMA suggested that the UEA sample contained uraninite associated with uranyl oxide 
species, Pb-rich uranylphosphate and Pb/Al phosphate phase with trace levels of galena 
and sulphides. The UPA sample contained uraninite associated with meta-autunite, Pb/Al 
phosphate phase and other minor phases including carbonates, quartz, fluorapatite, gold 
and various Zn/Fe/Cu sulphides. The USG mineralogy was dominated by the sulphides 
sphalerite and galena while uraninite was only a minor component along with unidentified 
Fe/Mg-rich aluminosilicate, muscovite, coffinite and other sulphides.  
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Heating of the natural uraninite samples caused a number of changes to occur. 
Recrystallisation and oxidation of the original uraninite to form U3O8 was observed as well 
as mobilisation and stabilisation of impurity elements such as Ca and Pb into new uranium-
containing phases. In samples UEA and EPA where hydrated and carbonated uranium 
mineral phases were present, these were also converted into U3O8. In comparison, heating 
of sample USG which contained a large proportion of gangue sulfide and silicate phases, 
the original Zn-rich sulfide was converted to recrystallised, euhedral crystals of a Zn-rich 
silicate, while an unidentified U-Pb-Ca-Zn phase and a silicate-rich melt were also noted. 
 
Quantitative analyses by EPMA indicated that within the UPA and UEA natural 
samples, the chemical analyses may be grouped into Pb-rich and Pb-depleted 
compositions. Both samples also contained high Ca contents in the unaltered uraninite. 
Compared to these samples, natural USG was highly impure and contained significantly 
higher concentrations of Ca with lower Pb content in the unaltered regions. However the 
altered material contained higher Fe, Pb, S and As with significantly depleted U and Ca 
with the high Pb related to the abundance of galena in the USG sample.  
 
Dissolution results obtained for two natural uraninites (UEA and UPA)  (under standard 
leach conditions (0.15 M H2SO4, 50°C, ORP 460 mV, 6.7×10-3 M FeTOT)), showed both 
exhibited lower extraction rates when compared to synthetic UO2 (refer to section 6.4.1) 
Decreasing particle size, increasing temperature and  increasing FeTOT all resulted in an 
increase in the rate of uranium dissolution. Changing acid concentration and changing the 
ORP had a negligible effect on dissolution. Minor differences were observed when 
comparing results between these two natural samples; however, in all cases the synthetic 
UO2 proved easier to extract uranium. Based on a chemical and textural analysis of 
selected leach residues from the dissolution tests on the natural uraninite samples, the 
differences  in dissolution rates between the natural uraninites  and the synthetic uraninite 
was attributed to the effect caused by lead impurities within the natural uraninites, being  
preferentially leached and then re-precipiatated as a sulphate. The precipitated Pb sulphate 
was observed coating individual uraninite particles and filling pores and fractures thus 
preventing further ingress of the leach solution.  
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7.2. Future work 
 
Several areas of interest with significant research potential have been identified through 
the work contained in this thesis. Future research should embrace the following 
investigations.  
 
• Electrochemical studies conducted on synthetic and natural uraninite, would provide a 
fundamental understanding of the primary redox reaction occurring between the FeIII 
and UO2 in multiple systems. 
• Modelling studies of the UO2 dissolution in the presence of foreign ions would 
provide insight on the various solution speciations’s occurring that would hinder / 
enhance the dissolution reaction and enable a increased knowledge of the chemistry 
occurring in the solution matrix. 
• Another key issue that needs addressing is the absorption and / or adsorption and 
subsequent encapsulation and liberation, of uranium bearing minerals in gangue 
mineral sites. By investigating the distribution of UO2 within these sites and their 
liberation from these encapsulated sites, valuable information can be obtained on 
improving leaching conditions in order to extract U from these sites.   
• Further dissolution studies on other synthetically doped forms of UO2 (with other 
cations that are common impurities, including Ca, Y and Rare earth elements) will 
provide more direct comparisons with uraninite encountered in ore bodies.  
• Further research on the dissolution of low grade ore tailings would also be beneficial 
to improving U extraction. 
• An investigation on the dissolution of synthetic and natural uraninites in alkaline 
conditions similar to the current studies will be useful to existing ore processing where 
alkaline leaching is primarily used.  
